




Titel der Dissertation 
„Micromechanics of Mechanoreceptors in Arthropods” 
„Mikromechanik von Mechanorezeptoren bei Arthropoden” 
Verfasser 
Mag. rer. nat. Clemens Florian Schaber 
angestrebter akademischer Grad 
Doktor der Naturwissenschaften (Dr. rer. nat.) 
Wien, 2011  
Studienkennzahl lt. Studienblatt: A 091 439 
Dissertationsgebiet  lt. Studienblatt: Dr.-Studium der Naturwissenschaften Zoologie 





Contents / Inhaltsverzeichnis 
 
Page / Seite  
 
Abstract ………………………………………………………………………… 4 
Kurzzusammenfassung (Deutsch) ……………………………………………… 5 
Summary ………………………………………………………………………… 6 
Zusammenfassung (Deutsch) …………………………………………………… 10 
Acknowledgements / Danksagungen …………………………………………… 15 
 
Force transformation in spider strain sensors: 
white light interferometry ……………………………………………………… 17 
 
Spider joint hair sensilla: micromechanics and 
adaptation to proprioreceptive stimulation ……………………………………… 39 
 
Viscoelastic nanoscale properties of cuticle contribute 
to the high-pass properties of spider vibration receptor  
(Cupiennius salei Keys.) ……………………………………………………… 63 
 
Surface force spectroscopic point load measurements 
and viscoelastic modelling of the micromechanical properties  
of air flow sensitive hairs of a spider (Cupiennius salei) ……………………… 74 
 
Addendum: Finite element modeling of arachnid slit sensilla: II. Actual  
lyriform organs and the face deformations of the individual slits ……………… 91 
 
Addendum: In search of differences between the two types of sensory cells 
innervating spider slit sensilla (Cupiennius salei Keys.) ……………………… 106 
 
Addendum: Published Abstracts ……………………………………………… 118 
 
 
Research Activities Clemens F. Schaber ……………………………………… 140 




This dissertation comprises six manuscripts and publications dealing with the basal 
mechanical events leading to the stimulation of different mechanoreceptors of the spider 
Cupiennius salei. The main focus is the transformation of the mechanical stimuli on 
their way to the dendrites of the sensory cells, the cuticular structures involved, and 
their specific material properties. 
 The different types of mechanoreceptors are hair sensilla on the one hand, which 
are stimulated by the movement of their hair shaft, and slit sensilla on the other hand, 
which are stimulated by their compression as a consequence of strains in the 
exoskeleton. In both structural receptor types proprioreceptors sensible for movements 
of leg segments during locomotion are compared with receptors for environmental 
stimuli like vibrations and air flow. Whereas for the proprioreceptors the biological 
range of operation is limited by the biomechanics of the spider’s leg, in the 
exteroreceptors the stimulus amplitudes span a range of several powers of magnitude. 
 One manuscript directly compares a proprioreceptive slit organ stimulated by 
lateral excursions of a leg segment with a highly sensitive exteroreceptive vibration slit 
sensor. The range of operation of the proprioreceptor is well covered by the linear 
transformation of the stimulus force to the sensory effective slit compression. In case of 
the vibration receptor the force transformation follows the stimulus amplitude 
exponentially, which is reasonable for the detection of different and widely unknown 
vibration amplitudes. Another manuscript deals with the material properties of a 
viscoelastic cuticular structure located on the way of the vibrations to the vibration 
receptor. By its viscoelastic material properties this cuticular structure represents an 
efficient mechanical filter for the biologically relevant vibration frequencies. 
 A further manuscript addresses proprioreceptive hair sensilla sensitive for the 
velocity of flexion of a leg joint. Here the properties of the hair suspension are 
especially adapted to deal with the mechanical loads of hair deflection at every step of 
the spider walking. In contrast, the hair suspension of the highly sensitive air flow 
receptive hairs, the trichobothria, facilitates the sensory effective hair deflection by the 
minute forces of friction with the particles of moving air (manuscript 4). The 
mechanical properties of the hair suspension of the trichobothria are adapted to the 
oscillating nature of hair deflection due to the biologically relevant air movements. 
 The results show that apparently small changes of the mechanically relevant 
cuticular structures and their material properties result in the adaption of the different 
mechanoreceptor types to their particular range of operation. This fine-tuning to the 
properties of the biological stimuli becomes even more obvious when the sensory 




Die vorliegende Dissertation umfasst sechs Manuskripte und Publikationen, die sich mit 
den grundlegenden mechanischen Ereignissen bei der Reizung, mit den cuticularen 
Strukturen, deren Materialeigenschaften, und im Speziellen mit der Umwandlung der 
mechanischen Reize auf dem Weg zu den Dendriten der Sinneszellen 
(Reiztransformation) unterschiedlicher Mechanorezeptoren der Spinne Cupiennius salei 
befassen. 
Die behandelten Rezeptortypen sind einerseits Haarsensillen, die durch die 
Bewegung ihres Haarschafts gereizt werden, und andererseits Spaltsensillen, die auf 
ihre Kompression infolge von Spannungen im Exoskelett reagieren. Ein Schwerpunkt 
der Untersuchungen bei beiden Rezeptortypen ist der Vergleich von Propriorezeptoren, 
die für Bewegungen des Spinnenbeins bei der Lokomotion sensibel sind, und deren 
biologischer Einsatzbereich durch die Biomechanik des Beins begrenzt ist, mit 
exterorezeptiven Sensillen, die ein breites Spektrum unterschiedlicher Reizamplituden 
aus der Umwelt detektieren.  
Das erste Manuskript widmet sich direkt dem Vergleich eines propriorezeptiven 
Spaltsinnesorgans, das durch laterale Auslenkungen eines Beinglieds gereizt wird, mit 
einem exterorezeptiven Vibrationsrezeptor. Der Einsatzbereich des propriorezeptiven 
Organs wird durch die lineare Umwandlung der Reizkraft in die reizwirksame 
Spaltkompression gut abgedeckt. Beim Vibrationsrezeptor verläuft die 
Kraftumwandlung exponentiell, was zur Detektion unterschiedlicher und weitgehend 
unbekannter Vibrationsamplituden sinnvoll ist. Ein weiteres Manuskript behandelt die 
Materialeigenschaften einer viskoelastischen cuticularen Struktur, die diesem 
Vibrationsrezeptor auf dem Weg der Vibrationen vom Substrat vorgeschaltet ist, und 
die sich als effizienter mechanischer Filter für die biologisch relevanten 
Vibrationsfrequenzen erweist. 
 Ein Manuskript befasst sich mit propriorezeptiven Haarsensillen, die für die 
Geschwindigkeit des Abbiegens eines Beingelenks sensibel sind. Bei diesem 
Sensillentypus sind die Eigenschaften der Haaraufhängung an die mechanischen 
Belastungen durch die Haarauslenkung infolge von Berührungen bei jedem Schritt der 
Spinne angepasst. Im Gegensatz dazu ermöglicht die Haaraufhängung der 
hochempfindlichen Luftbewegungsdetektoren, der Trichobothrien, die reizwirksame 
Bewegung des Haares durch die winzigen Kräfte, die durch Reibung mit den Partikeln 
der Luft entstehen (Manuskript 4). Die mechanischen Eigenschaften der 
Haaraufhängung der Trichobothrien stellen eine Anpassung an den oszillierenden 
Charakter der biologisch relevanten Luftbewegungen dar. 
Die Ergebnisse zeigen, dass bei den unterschiedlichen Mechanorezeptoren durch 
scheinbar geringe Unterschiede der mechanischen Strukturen und des beteiligten 
Materials (Cuticula) eine hochgradige Anpassung an den jeweiligen biologischen 
Aufgabenbereich erreicht wird. Diese Feinabstimmung an die relevanten Reize zeigt 




Force transformation in spider strain sensors: white light interferometry. 
(Manuscript in preparation for publication) 
Scanning white light interferometry and micro-force measurements were applied on 
biological strain sensor structures to explain the mechanical stimulus transformation in 
the exoskeleton of the spider Cupiennius salei on the way to the sensory cells of two 
different compound slit sense organs (lyriform organs). 
The transformation of the stimulus force leads to strains in the cuticle and, as a result of 
that, to the compression of the individual slits of the lyriform organs, which are located 
at articulations of the legs of the spider. The compression of the slits to reach the 
sensory threshold is not more than 30 nm. The two lyriform organs examined are the 
highly sensitive vibration receptor HS-10 and the proprioreceptive organ HS-8. 
For the proprioreceptor the loading curve is linear, which is very reasonable for the 
sensor’s biological range of operation in resolving the lateral angular deflection of the 
metatarsus relative to the tibia. In HS-8 the mechanical sensitivity of the individual slits 
gradually decreases with decreasing slit length and compression values from 106 
nm/mN down to 13 nm/mN. 
The force to compress the slits of the vibration receptor HS-10 rises highly 
exponentially making this exteroreceptive organ well suited to detect a wide range of 
stimulus amplitudes. In HS-10 the two slits examined differ roughly 3-fold in the 
mechanical differential sensitivity with compression values of 522 nm/mN and 195 
nm/mN in the biologically most relevant range. Therefore, the gradual stimulus 
amplitude detection by the individual slits of the organ HS-10 is very likely. 
 
Spider joint hair sensilla: micromechanics and adaptation to proprioreceptive 
stimulation. (Manuscript in preparation for publication) 
The present work deals with proprioreceptive hair sensilla of the wandering spider 
Cupiennius salei, which are deflected by joint flexion during locomotion. The hairs are 
located at the articulation of tibia and metatarsus on all walking legs. 
On the tibia 20 such sensory hairs form a distinct row. They face about 75 sensilla on 
the metatarsus. When two opposing hairs get into contact during flexion of the joint, 
they deflect each other, reversibly interlocked by microtrichs on their hair shafts. 
The torques resisting hair deflections are much lower into the direction of natural 
stimulation than into the other directions, indicating a pronounced mechanical 
directionality of the hair suspension. Whereas in the preferred direction the torsional 
restoring constant S of the hair suspension is in the range of 10-10 Nm rad-1 up to a 
deflection angle of about 30° (mean of natural deflections), it is larger by one to two 
powers of ten in other directions. 
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 Within the spider´s natural step frequency between 0.3 and 3 Hz the sensory response 
(action potentials) of the joint hair sensilla follows the velocity of hair deflection. 
Action potentials are set off at every step of the walking spider, when the hairs are 
deflected from their resting position. At hair deflections with constant angular velocities 
but different final deflection angles the maximum frequency of the action potentials 
remains constant. These results indicate that the joint hair sensilla are sensitive to the 
step frequency and the velocity of joint flexion. 
All findings point to the morphological, mechanical and physiological adaptation of the 
joint hair sensilla to their natural stimulation during locomotion. 
 
Viscoelastic nanoscale properties of cuticle contribute to the high-pass properties 
of spider vibration receptor (Cupiennius salei Keys). (Published in: Journal of the 
Royal Society Interface 4, 1135-1143, 2007) 
Atomic force microscopy (AFM) and surface force spectroscopy were applied in live 
spiders to their joint pad material located distal of the metatarsal lyriform organs, which 
are highly sensitive vibration sensors. 
The surface topography of the material is sufficiently smooth to probe the local 
nanomechanical properties with nanometre elastic deflections. Nanoscale loads were 
applied in the proximad direction on the distal joint region simulating the natural 
stimulus situation. 
The force curves obtained indicate the presence of a soft, liquid-like epicuticular layer 
(20 – 40 nm thick) above the pad material, which has much higher stiffness. The 
Young´s modulus of the pad material is close to 15 MPa at low frequencies, but 
increases rapidly with increasing frequencies approximately above 30 Hz to 
approximately 70 MPa at 112 Hz. The adhesive forces drop sharply by about 40 % in 
the same frequency range. 
The strong frequency dependence of the elastic modulus indicates the viscoelastic 
nature of the pad material, its glass transition temperature being close to room 
temperature (25° ± 2 ° C) and, therefore, to its maximized energy absorption from low-
frequency mechanical stimuli. These viscoelastic properties of the cuticular pad are 
suggested to be at least partly responsible for the high-pass characteristics of the 
vibration sensor's physiological properties demonstrated earlier.  
 
Surface force spectroscopic point load measurements and viscoelastic modelling of 
the micromechanical properties of air flow sensitive hairs of a spider (Cupiennius 
salei). (Published in: Journal of the Royal Society Interface 6, 681-694, 2009) 
The micromechanical properties of spider air flow hair sensilla (trichobothria) were 
characterized with nanometre resolution using surface force spectroscopy (SFS) under 
conditions of different constant deflection angular velocities  (rad s−1) for hairs 900 – 
950 μm long prior to shortening for measurement purposes. 
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 In the range of angular velocities examined (4×10−4 − 2.6×10−1 rad s−1), the torque T 
(Nm) resisting hair motion and its time rate of change  (Nm s−1) were found to vary 
with deflection velocity according to power functions. In this range of angular 
velocities, the motion of the hair is most accurately captured by a three-parameter solid 
model, which numerically describes the properties of the hair suspension. A fit of the 
three-parameter model (3p) to the experimental data yielded the two torsional restoring 
parameters, S3p = 2.91×10−11 Nm rad−1 and S´3p = 2.77×10−11 Nm rad−1 and the damping 
parameter R3p = 1.46×10−12 Nm s rad−1. 
For angular velocities larger than 0.05 rad s−1, which are common under natural 
conditions, a more accurate angular momentum equation was found to be given by a 
two-parameter Kelvin solid model. For this case, the multiple regression fit yielded S2p 
= 4.89×10−11 Nm rad−1 and R2p = 2.83×10−14 Nm s rad−1 for the model parameters. 
While the two-parameter model has been used extensively in earlier work primarily at 
high hair angular velocities, to correctly capture the motion of the hair at both low and 
high angular velocities it is necessary to employ the three-parameter model. It is 
suggested that the viscoelastic mechanical properties of the hair suspension work to 
promote the phasic response behaviour of the sensilla.  
 
Addendum: Finite element modeling of arachnid slit sensilla: II. Actual lyriform 
organs and the face deformations of the individual slits. (First author: Bernhard 
Hößl. Published in: Journal of Comparative Physiology A 195, 881-894, 2009) 
Arachnid slit sensilla respond to minute strains in the exoskeleton. After having applied 
Finite Element (FE) analysis to simplified arrays of five straight slits (Hößl et al. J 
Comp Physiol A 193:445–459, 2007) we now present a computational study of the 
effects of more subtle natural variations in geometry, number and arrangement of slits 
on the slit face deformations. 
Our simulations show that even minor variations in these parameters can substantially 
influence a slit’s directional response. Using white-light interferometric measurements 
of the surface deformations of a lyriform organ, it is shown that planar FE models are 
capable of predicting the principal characteristics of the mechanical responses. The 
magnitudes of the measured and calculated slit face deformations are in good 
agreement. At threshold, they measure between 1.7 and 43 nm. 
In a lyriform organ and a closely positioned loose group of slits, the detectable range of 
loads increases to approximately 3.5 times the range of the lyriform organ alone. 
Stress concentration factors (up to ca. 29) found in the vicinity of the slits were 
evaluated from the models. They are mitigated due to local thickening of the exocuticle 
and the arrangement of the chitinous microfibers that prevents the formation of cracks 
under physiological loading conditions. 
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 Addendum: In search of differences between the two types of sensory cells 
innervating spider slit sensilla (Cupiennius salei Keys.). (First author: Jorge Molina. 
Published in: Journal of Comparative Physiology A 195, 1031-1041, 2009) 
The metatarsal lyriform organ of the spider Cupiennius salei is a vibration detector 
consisting of 21 cuticular slits supplied by two sensory cells each, one ending in the 
outer and the other at the inner slit membrane. 
In search of functional differences between the two cell types due to differences in 
stimulus transmission, we analyzed (1) the adaptation of responses to electrical 
stimulation, (2) the thresholds for mechanical stimulation and (3) the representation of 
male courtship vibrations using intracellular recording and staining techniques. 
Single- and multi-spiking receptor neurons were found among both cell types, which 
showed high-pass filter characteristics. Below 100-Hz threshold, tarsal deflections were 
between 1° and 10°. At higher frequencies, they decreased down to values as small as 
0.05°, corresponding to 4.5 nm tarsal deflections, in the most sensitive cases. Different 
slits in the organ and receptor cells with slow or fast adaptation did not differ in this 
regard. 
When stimulated with male courtship vibrations, both types of receptor cells again did 
not differ significantly regarding number of action potentials, latency and 
synchronization coefficients. Surprisingly, the differences in dendrite coupling were not 




Krafttransformation bei der Detektion von Spannungen im Exoskelett von 
Spinnen durch Spaltsinnesorgane: Weißlichtinterferometrie. (Manuskript in Vorbe-
reitung für die Veröffentlichung) 
Für ein tieferes Verständnis der Umwandlung mechanischer Belastungen des 
Exoskeletts zur reizwirksamen Kompression der Rezeptoren für Spannungen in der 
Cuticula (lyraförmige Spaltsinnesorgane) wurden dreidimensionale Weißlichtinter-
ferometrie und Mikrokraftmessungen an zwei Beingelenken der Spinne Cupiennius 
salei durchgeführt. 
Zum Vergleich der Reiztransformation bei zwei lyraförmigen Organen mit 
unterschiedlichen Funktionen wurden der hochempfindliche exterorezeptive Vibrations-
sensor, das lyraförmige Organ HS-10 am Metatarsus, und das propriorezeptive 
lyraförmige Organ HS-8 auf der Tibia ausgewählt. 
Die bei der Auslenkung von Beingliedern auftretenden Kräfte führen durch Belastungen 
der Cuticula im Gelenkbereich zu Verformungen an der Stelle der Spannungsrezeptoren 
und zur Kompression der einzelnen, circa 2 µm breiten, Spalte dieser lyraförmigen 
Organe. Zum Erreichen des sensorischen Schwellenwerts, bei dem ein Aktionspotential 
der Sinneszellen durch die Verformung der, mit der spaltbedeckenden Membran 
gekoppelten, Dendritenspitze ausgelöst wird, sind Spaltkompressionen von nicht mehr 
als 30 nm ausreichend. 
Die Belastungskurve für das propriorezeptive Organ HS-8 verläuft linear. Durch die 
abgestufte Kompression der sieben bis acht unterschiedlich langen Spalte wird der 
Winkel der Auslenkung des Metatarsus zur Tibia aufgelöst. Die mechanische 
Empfindlichkeit der einzelnen Spalte sinkt schrittweise mit abnehmender Spaltlänge. 
Die Kompressionswerte an der Kopplungsstelle des sensorischen Dendrits mit der 
Spaltmembran liegen zwischen 106 nm/mN beim längsten und 13 nm/mN beim 
kürzesten Spalt. Die Linearität der Reiztransformation ist im Fall des propriorezeptiven 
Organs äußert sinnvoll, da der biologische Einsatzbereich des Rezeptors bekannt ist und 
dieser mittels linearer Kraftumwandlung gut aufgelöst werden kann. 
Die Belastungskurve für den exterorezeptiven Vibrationsrezeptor HS-10 ist hochgradig 
exponentiell. Dies ist hier insofern sinnvoll, da die Amplitude der zu detektierenden 
Vibrationen weitgehend unbekannt ist und dadurch ein breiter Einsatzbereich abgedeckt 
wird. Auch beim lyraförmigen Organ HS-10 zeigt sich eine abgestufte mechanische 
Empfindlichkeit der einzelnen cuticulären Spalte. Die differenzielle Empfindlichkeit der 
zwei für diese Studie ausgewählten Spalte unterscheidet sich mit Kompressionswerten 
von 522 nm/mN und 195 nm/mN im biologisch relevanten Bereich zwischen 0,5 mN 
und 3 mN grob um das Dreifache. Das deutet darauf hin, dass auch beim 
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 Vibrationsrezeptor HS-10 die Reizamplitude mechanisch durch die einzelnen Spalte des 
Organs aufgelöst wird. 
 
Gelenkhaarsensillen der Spinne Cupiennius salei: Mikromechanik und Adaptation 
an propriorezeptive Reizung. (Manuskript in Vorbereitung für die Veröffentlichung) 
Diese Studie beschäftigt sich mit propriorezeptiven Haarsensillen der Spinne 
Cupiennius salei, die beim Abbiegen des Tibia-Metatarsus-Gelenks während der 
Lokomotion ausgelenkt und damit gereizt werden. Diese Haare befinden sich ventral an 
allen vier Laufbeinpaaren am Gelenk zwischen Tibia und Metatarsus. 
Am distalen Ende der Tibia bilden ungefähr 20 dieser Sinneshaare eine von der 
„üblichen Behaarung“ des Beins abgesetzte Reihe. Auf der gegenüberliegenden Seite 
des Gelenks, dem proximalen Ende des Metatarsus, stehen circa 75 Gelenkhaare in 
annähernd rechtem Winkel von der Cuticulaoberfläche ab. Beim Abbiegen des Gelenks 
in der Dorsoventralebene treffen diese Haare aufeinander und lenken sich in der Folge 
gegenseitig aus. Dabei sind sie durch Mikrotrichen auf ihren Haarschäften reversibel 
gekoppelt und gleiten nicht aneinander vorbei. 
Die Drehmomente, die der Haarauslenkung entgegenwirken, weisen auf eine deutliche 
Richtungscharakteristik der Haaraufhängung hin. Die Federkonstanten S sind in die 
Richtung der natürlichen propriorezeptiven Reizung mit Werten im Bereich von 10-10 
Nm rad-1 um das Zehn- bis Hundertfache geringer als in die anderen Richtungen. Diese, 
für taktile Haare äußerst geringe, Werte gelten bis zu einem Auslenkungswinkel von 30 
Grad aus der Ruhelage. Ein Auslenkungswinkel von 30 Grad ist gleichzeitig der 
Mittelwert der Auslenkungen während der Lokomotion und weist auf eine strukturelle 
Anpassung der Haaraufhängung an die natürlichen Reize hin. 
Die Simulation der Auslenkungen, die bei normaler, geradeausgerichteter Lokomotion 
der Spinne auftreten, im elektrophysiologischen Experiment zeigt, dass die Auslenkung 
der Gelenkhaarsensillen aus der Ruhelage bei jedem Schritt der Spinne zu einer Salve 
von Aktionspotentialen führt. Dadurch wird die Schrittfrequenz detektiert. Weiters kann 
durch die sensorische Antwort die Geschwindigkeit des Abbiegens des Gelenks im 
Bereich der natürlichen Schrittfrequenzen (0.3 bis 3 Schritte pro Sekunde) von den 
Gelenkhaarsensillen aufgelöst werden. 
Alle Ergebnisse weisen auf die Adaptation der Gelenkhaarsensillen an die Parameter 
der natürlichen Reizung während der Lokomotion von Cupiennius salei auf 





 Viskoelastische Eigenschaften der Cuticula im Nanometerbereich tragen zur 
Hochpass-Charakteristik des Vibrationsrezeptors der Spinne Cupiennius salei bei. 
(Veröffentlicht in: Journal of the Royal Society Interface 4, 1135-1143, 2007) 
Die Materialeigenschaften einer weichen cuticuläre Struktur, des so genannten 
metatarsalen Gelenkpolsters, wurden mit Atomkraft-Mikroskopie (AFM) und 
Oberflächen-Kraftspektroskopie (SFS) untersucht. Dabei wurde mit dem Cantilever des 
Atomkraft-Mikroskops mit unterschiedlichen Wiederholfrequenzen in das Material 
gedrückt und dessen mechanischer Widerstand im Nanonewtonbereich gemessen. 
Das untersuchte metatarsale Gelenkpolster ist dem lyraförmigen Organ HS-10, einem 
hochempfindlichen Vibrationssensor der Spinne Cupiennius salei, auf dem Weg der 
Vibrationen vom Substrat vorgeschaltet. Die Richtung der mechanischen Belastungen 
in der vorliegenden Untersuchung entsprach der von natürlichen Reizen. 
Die Ergebnisse zeigen eine 20 bis 40 nm dicke, weiche, und flüssigkeitsähnliche 
Schicht oberhalb des härteren cuticulären Polstermaterials. Die Materialeigenschaften 
des cuticulären Polstermaterials selbst ändern sich mit zunehmender Prüfgeschwin-
digkeit erheblich. Während das E-Modul bei niedrigen Wiederholfrequenzen bis zu 30 
Hz etwa 15 MPa beträgt, steigt es bis zur höchsten Wiederholfrequenz von 112 Hz auf 
circa 70 MPa an. Im gleichen Messbereich sinken die Adhäsionskräfte um circa 40 %. 
Die starke Frequenzabhängigkeit der Materialeigenschaften des cuticulären Polsters 
zeigen, dass diese Cuticulastruktur hoch viskoelastisch ist. Die aus den Daten 
berechnete Glas-Gummi-Übergangstemperatur des Materials liegt mit 25° C ± 2° C 
nahe der Raumtemperatur. Dadurch wird die Energie niedrigfrequenter mechanischer 
Reize maximal absorbiert. 
Für die physiologischen Eigenschaften des Vibrationsrezeptors bedeutet dies, dass die 
viskoelastischen Eigenschaften des cuticulären Polstermaterials höchstwahrscheinlich 
für die schon früher gemessene Hochpass-Charakteristik des Vibrationssensors 
verantwortlich sind. Biologisch unrelevante, niedrigfrequente Reize werden ausgefiltert, 
während hochfrequente Vibrationen, die von Räubern oder Beute der Spinne erzeugt 
werden, effizient zu den Vibrationsdetektoren weitergeleitet werden. 
 
Oberflächen-kraftspektroskopische Punktbelastungsmessungen und visko-
elastische Modellierung der mikromechanischen Eigenschaften luftströmungs-
empfindlicher Haarsensillen der Spinne Cupiennius salei. (Veröffentlicht in: Journal 
of the Royal Society Interface 6, 681-694, 2009) 
Die mikromechanischen Eigenschaften luftströmungsempfindlicher Haarsensillen 
(Trichobothrien) von Spinnen  wurden mittels Oberflächen-Kraft-Spektroskopie 
(Surface Force Spectroscopy, SFS) im Nanometerbereich charakterisiert. Dazu wurden 
900 µm bis 950 µm lange Haarsensillen, die zu Messzwecken gekürzt wurden, mit 
unterschiedlichen Winkelgeschwindigkeiten linear ausgelenkt. 
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 Im Messbereich, bei Winkelgeschwindigkeiten zwischen 4×10-4 rad s-1 und 2,6×10-1 rad 
s-1, nehmen das Drehmoment, das der Haarauslenkung entgegenwirkt, und dessen 
zeitliche Änderungsrate mit ansteigender Auslenkungsgeschwindigkeit zu und folgen 
dabei Potenzfunktionen. Am besten können diese viskoelastischen mechanischen 
Eigenschaften der Haaraufhängung mathematisch mit dem dreiparametrischen Zener-
Modell beschrieben werden, das aus zwei Hooke´schen Federelementen (S, S´) und 
einem Dämpfungselement (R) besteht. Die Anpassung dieses Modells an die 
experimentellen Daten ergibt für die beiden parallelen Federelemente die 
Federkonstanten  S = 2,91 × 10-11 Nm rad-1 und S´ = 2,77 × 10-11 Nm rad-1, sowie die 
Dämpfungskonstante R = 1,46 × 10-12 Nm s rad-1. 
Die Daten bei größeren Winkelgeschwindigkeiten als 0,05 rad s-1 können auch mit 
einem zweiparametrischen Voigt-Kelvin-Modell beschrieben werden, in dem ein 
Federelement (S) und ein Dämpfungselement (R) parallel angeordnet sind. Die 
Anpassung dieses Modells an die experimentellen Daten durch Mehrfachregression 
ergibt Werte für S = 4,89 × 10-11 Nm rad-1 für das Federelement und R = 2,83 × 10-14 
Nm s rad-1 für das Dämpfungselement. 
Für die sensorische Funktion der Trichobothrien bedeutet dies, dass die Viskoelastizität 
der Haaraufhängung den Beginn einer Haarauslenkung aus der Ruheposition erleichtert, 
was eine Anpassung an den oszillierenden Charakter biologisch relevanter Reize 
darstellt. In der Diskussion des Kapitels wird der Beitrag dieser mechanischen 
Eigenschaften zum phasischen physiologischen Antwortverhalten der Trichobothrien 
erörtert. 
 
Anhang: Finite-Elemente-Modellierung der Spaltsensillen von Arachniden: 
lyraförmige Organe und die Verformung der einzelnen Spalte. (Erstautor: Bernhard 
Hößl. Veröffentlicht in: Journal of Comparative Physiology A 195, 881-894, 2009) 
Die Spaltsensillen von Arachniden antworten auf winzige Spannungen im Exoskelett. 
Nach der vorangegangenen Finite-Elemente- (FE) Analyse vereinfachter Anordnungs-
muster von fünf geraden Spalten (Hößl et al., J Comp Physiol A 193, 445-459, 2007) 
wurden in der vorliegenden Studie die Auswirkungen der, wie sich zeigte raffinierten, 
natürlichen Variationen der Geometrie, der Anzahl und der Anordnungsmuster der 
Spalte auf deren Verformung bei Belastung berechnet. Die FE-Computersimulationen 
zeigen, dass selbst geringfügige Änderungen dieser Parameter die Richtungs-
charakteristik der Spaltverformung substantiell beeinflussen können. 
Weißlichtinterferometrische Messungen der Oberflächendeformation an einem 
lyraförmigen Organ (einem Spaltsinnesorgan, das aus mehreren benachbart und 
weitgehend parallel angeordneten Einzelspaltsensillen besteht) einer lebenden Spinne 
zeigen, dass ebene FE-Modelle die wesentlichen Charakteristiken der mechanischen 
Antworten der einzelnen Spalte vorhersagen können. Die Ausmaße der gemessenen und 
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 der berechneten Spaltverformungen stimmen gut überein. Am sensorischen Schwellen-
wert betragen die reizwirksamen Spaltkompressionen zwischen 1,7 und 43 nm. 
Im Fall eines lyraförmigen Organs, das mit einer in der Nähe positionierten losen 
Spaltgruppe kombiniert wurde, steigt der detektierbare Belastungsbereich auf das 
ungefähr 3,5-fache im Vergleich zum Detektionsbereich des lyraförmigen Organs 
allein. Stresskonzentrationsfaktoren (bis zu etwa 29) in der Umgebung der Spalte 
wurden an den Modellen abgelesen. Unter physiologischen Belastungsbedingungen 
werden diese Stresskonzentrationen durch lokale Verdickungen der Exocuticula und die 
Anordnung der Chitin-Mikrofasern abgeschwächt, damit Rissbildungen verhindert 
werden. 
 
Anhang: Auf der Suche nach Unterschieden bei den zwei Typen von Sinneszellen, 
die die Spaltsensillen der Spinne Cupiennius salei innervieren. (Erstautor: Jorge 
Molina. Veröffentlicht in: Journal of Comparative Physiology A 195, 1031-1041, 2009) 
Das metatarsale lyraförmige Organ der Spinne Cupiennius salei ist ein 
Vibrationdetektor. Es besteht aus 21 cuticulären Spalten, die jeweils mit zwei 
Sinneszellen ausgestattet sind. Der sensorische Dendrit der einen Sinneszelle endet in 
der äußeren und der der anderen an der inneren Spaltmembran. 
Auf der Suche nach funktionellen Unterschieden zwischen den zwei Zelltypen durch 
Unterschiede in der Reizübertragung analysierten wir (1) die Adaptation der Antworten 
an elektrische Reizung, (2) die Schwellenwerte bei mechanischer Reizung, und (3) die 
Abbildung männlicher Balzvibrationen mit intrazellulären Ableitungs- und 
Färbetechniken. 
Rezeptorneurone, die entweder mit einem einzelnen (single-spiking) oder mit mehreren 
(multi-spiking) Aktionspotentialen antworteten, wurden bei beiden Zelltypen gefunden. 
Ebenso zeigten beide Zelltypen eine Hochpass-Filtercharakteristik. Unter 100 Hz 
Vibrationsfrequenz betrug der Auslenkungswinkel des Tarsus zum Erreichen des 
sensorischen Schwellenwerts zwischen 1° und 10°. Bei höheren Frequenzen sanken die 
Schwellenwerte bis zu den Minimalwerten von 0,05° entsprechend 4,5 nm tarsaler 
Auslenkung in den empfindlichsten Fällen. 
Die unterschiedlichen Spalte des Organs und die Rezeptorzellen mit schneller oder 
langsamer Adaptation wiesen in diesem Hinblick keine Unterschiede auf. Auch bei der 
Reizung mit männlichen Balzvibrationen unterschieden sich die Anzahl der 
Aktionspotentiale, die Latenz, und die Synchronisationskoeffizient der beiden 
Rezeptorzelltypen nicht signifikant. Erstaunlicherweise schlugen sich die Unterschiede 
in der Kopplung der Dendriten an die Spalte nicht im physiologischen Antwortverhalten 
der beiden Zelltypen nieder.  
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Scanning white light interferometry and micro-force measurements were applied on 
biological strain sensor structures to explain the mechanical stimulus transformation in 
the exoskeleton of the spider Cupiennius salei on the way to the sensory cells of two 
different compound slit sense organs (lyriform organs). The transformation of the 
stimulus force leads to strains in the cuticle and, as a result of that, to the compression 
of the individual slits of the lyriform organs, which are located at articulations of the 
legs of the spider. The compression of the slits to reach the sensory threshold is not 
more than 30 nm. The two lyriform organs examined are the highly sensitive vibration 
receptor HS-10 and the proprioreceptive organ HS-8. For the proprioreceptor the 
loading curve is linear, which is very reasonable for the sensor’s biological range of 
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 operation in resolving the lateral angular deflection of the metatarsus relative to the 
tibia. In HS-8 the mechanical sensitivity of the individual slits gradually decreases with 
decreasing slit length and compression values from 106 nm/mN down to 13 nm/mN. 
The force to compress the slits of the vibration receptor HS-10 rises highly 
exponentially making this exteroreceptive organ well suited to detect a wide range of 
stimulus amplitudes. In HS-10 the two slits examined differ roughly 3-fold in the 
mechanical differential sensitivity with compression values of 522 nm/mN and 195 
nm/mN in the biologically most relevant range. Therefore, the gradual stimulus 
amplitude detection by the individual slits of the organ HS-10 as well is very likely. 
 






Among the arthropods spiders have the most elaborate system of strain detectors 
embedded in their exoskeleton. Their lyriform organs form arrays of up to 30 fine slits 
in the cuticle closely arranged in parallel in widely differing patterns and locations 
(Barth & Libera 1970). The majority of the lyriform organs of the spider Cupiennius 
salei is located in the vicinity of the leg joints. Here they sense deflections of adjacent 
leg limbs responding to movement-related forces in the cuticle. The stimulus 
transmitting and transforming structures of the individual slits of an organ are (i) the slit 
in the cuticle, approximately 2 µm wide and up to 200 µm long, (ii) the cuticular 
membrane covering the slit, and (iii) the so-called coupling cylinder of the covering 
membrane where a dendrite ends (Barth 1971, 1972). Compression of the individual 
slits perpendicular to their long axis is the adequate and most effective stimulus (Barth 
1972). 
 According to recent finite element analyses (Hößl et al. 2007, 2009) even minor 
variations of the geometry, number, and arrangement of the slits substantially affect 
their deformation and thus stimulation. These simulations are thought to be used as 
models for synthetic strain sensors for technical applications. In the present study we 
use white light interferometry and micro force measurements to quantitatively 
characterize the relation between stimulus load and slit compression with high 
resolution. 
 To compare different natural stimulation modes generating adequate cuticular 
strains two lyriform organs were selected (figure 1), which had been studied before for 
other purposes. Lyriform organ HS-8 distally on the tibia is a proprioreceptor 
effectively stimulated by posteriad deflections of the metatarsus and the subsequent 
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 deformation of the cross-section of the tibia. This organ is involved in kinaesthetic 
orientation and elicits muscle reflexes when stimulated (Barth & Seyfarth 1971; 
Seyfarth & Barth 1972; Seyfarth 1978; Seyfarth & Pflüger 1984). Direct measurements 
of strains in the cuticle of freely moving spiders using miniaturized technical strain 
gauges showed that the organ is compressed and stimulated during the stance phase of a 
step and hence acts as a cuticular load sensor (Blickhan & Barth 1985; Barth 2002). By 
contrast, the exteroreceptive lyriform metatarsal organ HS-10 is effectively stimulated 
when the tarsus moves upwards and presses against the metatarsus where the organ is 
located. Organ HS-10 is a highly sensitive vibration sensor which the spider uses to 
detect vibrations generated by prey, mates, or predators (Barth & Geethabali 1982; 
Hergenröder & Barth 1983; Gingl et al. 2006; Molina et al. 2009). As recently shown 
by atomic force microscopy and surface force spectroscopy the viscoelastic properties 
of a cuticular pad in front of the organ largely explain its physiological high pass 





Figure 1. (a) Arrangement of the tibia metatarsus joint for the adequate stimulation of the lyriform organ 
HS-8. Top: The metatarsus was kept at an angle of 50 deg to the fixed tibia. Below: For stimulation under 
the white light interferometer the metatarsus was deflected backward (red arrow) and the forces resisting 
this deflection (blue arrow) measured at a distance of 22 mm from the pivot point. (b) Arrangement of the 
metatarsus tarsus joint for adequate stimulation of the lyriform organ HS-10. The tarsus was deflected 
upward (red arrow) and contacted the metatarsal pad at the mechanical threshold angle of 27 deg. At 
larger angles the slits of organ HS-10 were compressed. The force resisting this deflection (blue arrow) 
was measured directly at the tarsus with the strap of the force transducer. (c) left: SEM micrograph of the 
lyriform organ HS-8; right: SEM micrograph (by courtesy of R. Müllan) of the metatarsal lyriform organ 
HS-10. 
19




Adult females of the large Central American wandering spider Cupiennius salei 
Keyserling (Ctenidae) taken from our breeding stock in Vienna were used for all the 
experiments. This spider has already served for many studies in arthropod 
mechanoreception (Barth 2002; Fratzl & Barth 2009). For white light interferometry the 
hairs covering the lyriform organs were removed by gently wiping the surface with a 
small pad of cotton after brief anesthetization of the spider with CO2 and immobilizing 
it by attaching it onto an aluminium plate with adhesive tape. Legs of the first or second 
leg pairs were used for all experiments.  
 
2.2. Force application 
 
The arrangement of the leg joints and their controlled movements used to measure the 
forces of adequate stimulation were similar to those used in previous 
electrophysiological studies of the same organs (Barth & Bohnenberger 1978; 
Bohnenberger 1981; Barth & Geethali 1982; figure 1). 
 
2.2.1. Lyriform organ HS-8 
 
For the study of the lyriform organ HS-8 the tibia was embedded in a mixture of 
beeswax and colophony except for its distal part starting 3 mm away from the joint with 
the metatarsus. Organ HS-8 was facing up and the spider could still actively move the 
joint. An insect pin waxed onto the metatarsus dorsally was coupled to a force 
transducer (FORT 10, World Precision Instruments) using a small wire loop. A distance 
of 22 mm from the dorsal edge of the tibia-metatarsus joint was marked on the pin as 
the point of initial force application (figure 1). The force transducer was mounted 
horizontally on a motorized micromanipulator and calibrated with pieces of tin-solder of 
known mass. The metatarsus was kept at an angle of 50 deg from the stretched position 
in the dorsoventral plane relative to the tibia in agreement with the previous 
electrophysiological studies of the organ (figure 1a; Barth & Bohnenberger 1978; 
Bohnenberger 1981). The forces were applied using the force transducer by controlled 
stepwise deflections of the metatarsus towards its posterior aspect and perpendicular to 
the insect pin. The forces resisting deflection were recorded continuously and stored on 
the hard disk of a computer with a sampling rate of 500 Hz (Biopac MP100 
analogue/digital converter; UM 100A interface module; TCI 102 adapter; Software 
ACQ 3.7). The vertical deflection of the metatarsus from the initial position was read 
20
 from the scale of the micromanipulator and the corresponding angle calculated with the 
tangent function. 
 
2.2.2. Metatarsal organ HS-10 
 
In case of the metatarsal lyriform organ HS-10 the force was introduced by deflecting 
the tarsus upwards directly with the strap of the force transducer. Similar to organ HS-8 
the metatarsus was embedded up to 3 mm away from HS-10 and the lyriform organ was 
pointing upwards (figure 1b). 
At the start of a measurement series the tarsus was carefully aligned with the 
metatarsus and in parallel to the strap of the force transducer. The distance of the point 
of force application (outer edge of the force transducer) from the pivot point of the joint 
was measured using macro-photographs taken from the lateral side of the leg. Then the 
tarsus was deflected upwards in a stepwise manner. The vertical displacement of the 
tarsus was read from the scale of the micromanipulator and the angle of deflection 
calculated with the tangent function. The tarsus was found to make contact with the 
metatarsus at a dorsad deflection angle (relative to the horizontal plane) by 27 deg, 
which was defined as the mechanical threshold deflection angle (figure 1b) and is in 
good agreement with previous findings (Barth & Geethabali 1983; Molina et al. 2009). 
 
2.3. White light interferometry 
 
The cuticular surface of the organs and their immediate surroundings were scanned after 
each stepwise force increase using a scanning white light interferometer (zygo 
NewView 5010; software MetroPro 7.9.0). The entire setup was placed on a vibration 
isolation table (TMC micro g). The scans were started one minute after the deflection of 
the leg segments, when the interference fringes had stabilized and the measured forces 
had reached a nearly constant level (figure 2). The scans lasted from 10 seconds up to 6 
minutes depending on the selected vertical scan height, which in turn depended on the 
selected optical magnification. 
 
2.4. Data analysis 
 
2.4.1. Force and deflection 
 
The forces corresponding to the interferograms were measured at the start of the 
interference scans as the mean of the values recorded during the following 10 seconds 
(5000 points; standard deviation s.d. <1%; software ACQ) (figure 2). The values of 
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 vertical deflection read from the micromanipulator were corrected taking the 




Figure 2. Measurement of the forces applied to the metatarsus stimulating the tibial lyriform organ HS-8. 
The white light interference scans were taken one minute after the loading and the corresponding force 
values read out at the times marked by red squares. The three deflection steps shown here deflected the 
metatarsus by 300 µm (0.78 deg), 600 µm (1.56 deg), and 900 µm (2.34 deg) from the zero position. 
 
 
2.4.2. Three-dimensional interferometry maps 
 
The three-dimensional deformation of the cuticle was measured using image metrology 
software (SPIP 4.1.1). Two-dimensional profiles of the cuticle surface were extracted 
manually using the same landmarks consistently. 
 
2.5. Limitations of the technique 
 
Due to the time needed for the interference scans it was not possible to visualize 
changes in the exoskeleton close to the initial force peak following a loading step. 
Therefore the results of this study deal with the forces and cuticular deformations at 
quasistatic loading conditions. Because all measurements were performed on live 
animals small-scale deformation of the cuticle due to hemolymph pressure and muscle 
activity could not be excluded. However, only data from experiments with no such 
interferences and no visible signs of movements were analysed. 
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  For the delicate measurements of the width and depth of the individual slits of 
the lyriform organs the following sources of measurement errors exist. At the maximum 
optical magnification (100×) of the white light interferometer used in these 
measurements light reflected from the specimen’s surface exceeding an angle of 35 
degree to the horizontal plane is not sent back into the objective lens, and is therefore 
not available for the sensor of the instrument. Such data points occurred especially at 
the rounded edges of the slits, were automatically set to invalid by the software of the 
interferometer, and marked as black dots in the interferogram. To reach maximum 
accuracy the valid data points closest to the slit edges were used to measure the slit 
width. An additional factor of uncertainty is the manual superposition of the 
corresponding lines of the two-dimensional profiles. The manual placement was 
necessary due to the horizontal and angular shifts of the slits when the organs were 
loaded and done with greatest possible care. Errors up to roughly 4 pixels (0.4 µm) in 
the horizontal plane in a single measurement cannot be excluded and only measurement 







3.1.1. Lyriform organ HS-8 
 
The forces resisting lateral deflections of the metatarsus and stimulating the lyriform 
organ HS-8 on the tibia increase linearly with displacement of the metatarsus towards 
its posterior aspect (figure 3a). The forces rise steadily from zero degree when the joint 
socket of the metatarsus just contacts the posterior joint ball at the dorsal aspect of the 
tibia. The forces follow those of the deflections in a highly linear way with values from 
0.93–1.90 mN/deg and the mean for six individual preparations of 1.35 ± 0.36 mN/deg 
(mean ± s.d., N=6, n=18). The corresponding correlation coefficients R2 of the linear 
regression line vary between 0.986 and 0.999 (0.994 ± 0.005, mean ± s.d., N=6, n=18). 
The dependence of the metatarsal deflection angle from the force resisting deflection 
amounts to 0.77 ± 0.19 deg/mN (N=6, n=18), taken from linear regression lines (R2 = 
0.995 ± 0.003; N=6) derived from  the mean values shown in figure 3a. 
 
3.1.2. Lyriform organ HS-10 
 
In contrast to the linearity found for organ HS-8 the forces needed for dorsad deflections 
of the tarsus leading to the compression and stimulation of the slits of the vibration 
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 sensitive lyriform organ HS-10 rise exponentially (figure 3b). They increase slowly 
with increasing angles below 27 deg and quickly beyond that value, which marks the 
contact between the proximal dorsal rim of the tarsus and the joint pad located in front 
of the organ (figure 1b). The force-deflection data can be well described using the 
function rxeyy 0 . The corresponding correlation coefficients R2 are between 0.990 and 
0.999 (0.995 ± 0.004, mean ± s.d., N=6). The values of the constant growth factor r  
determined from these fittings vary between 0.142 and 0.187. Therefore the relative 
increase rates of the force are 14.2 – 18.7 %/deg (16.2 ± 1.9 %/deg, mean ± s.d., N=6). 
0y  indicates the force holding the metatarsus horizontally (0 deg). It varies only slightly 
(0.003–0.021 mN; 0.014 ± 0.011 mN, mean ± s.d., N=6) again indicating the precision 





Figure 3. Loading of the exoskeleton of Cupiennius salei to stimulate two different lyriform organs, HS-8 
on the tibia and HS-10 on the metatarsus. (a) For the proprioreceptive stimulation of organ HS-8 by 
backward deflection of the metatarsus the forces increase highly linearly (N=6; n=18). (b) When 
stimulating the vibration sensitive metatarsal organ HS-10 by the upward deflection of the tarsus the 
forces increase exponentially. Inset: x-axis scaled as in (a); note the exponential increase of force from 
the tarsal deflection angle of 27 deg (mechanical threshold) onward (N=6; n=6). 
 
 
3.2. Arrangement and deformation of lyriform organ HS-8 
 
As seen in the surface profile perpendicular to the long axis of the tibia and roughly to 
the slits of lyriform organ HS-8, the organ is surrounded by relatively flat cuticle 
dorsally and curved cuticle ventrally (figure 4a,b). Close to the middle of the posterior 
tibia surface there is a point, where no deformation of the cuticle was found. Organ HS-
8 is located ventrally of it. This particular location at the transition between flat and 
curved cuticle indicates a mechanically sensitive region of the profile, where 
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 deformations of the cuticle under load are large and pressure stresses in the cuticle run 






Figure 4. (a) SEM micrograph of the posterior aspect of the tibia-metatarsus joint. The yellow line marks 
the line of the surface profiles shown in (b) and (c). The asterisk indicates the pivot point of the joint 
where the joint ball of the tibia contacts the joint pan on the metatarsus. (b) Profiles of the tibia surface in 
the resting position (black), and at anteriad (green) and posteriad (red) deflections of the metatarsus by 
10.2 deg. (c) Flattening and bulging of the cuticle at the lyriform organ HS-8 perpendicular to the long 
axes of the slits. The profiles are superimposed and aligned at the upper right (posterior aspect of the tibia 
dorsally of the organ). 
 
 
When the metatarsus is deflected towards its posterior aspect during stimulation 
the curvature of the cuticle around organ HS-8 flattens and as a consequence the slits 
are compressed. In contrast the slits of organ HS-8 are dilated when the metatarsus is 
deflected towards its anterior side and the curvature is enhanced. Figure 4c illustrates 
the interferometrically determined profile of the tibial cuticular cylinder in the resting 
position, and following backward and forward deflections of the metatarsus. 
In the white light interferograms, the inward movement (towards the centre of 
the tibia) of the whole organ as a consequence of the deformation of the tibia’s cross-
section due to loading of the metatarsus is obvious (figures 4b and 5a,b; ESM figure 1 
(at the end of this manuscript)). This vertical displacement follows the applied force and 
the displacement of the metatarsus linearly with 1.72 ± 0.55 µm/deg (R2 = 0.995 ± 
0.003; N=6), and 1.26 ± 0.54 µm/mN (R2 = 0.996 ± 0.003; N=6), respectively. The 
vertical displacement of 2.40 µm/deg (N=1) of the anterior aspect of the tibia, where the 





Figure 5. White light interferograms and profiles of the slits of the lyriform organ HS-8. (a) Left: six slits 
of the unloaded organ. The white lines are drawn at a right angle to the long axes of the slits and next to 
the coupling cylinder with the dendrite tip. They mark the positions of the profiles shown in (b). Right: 
downward shifted flattened cuticle surface and compressed slits when loading the metatarsus by 9.96 mN 
(deflection angle 7.77 deg). The z-axis is represented by the colour coding. (b) Surface profiles of the slits 
used for the measurements of slit width and depth corresponding to the interferograms in (a). The inset 





Figure 6. Slit widths determined interferometrically in the lyriform organ HS-8 at the position indicated in 
the inset (dendrite coupling cylinder) relative to the unloaded state (N=6, n=6). The mechanical 
sensitivity goes down sequentially from 4.78 %/mN in slit 1 to 0.49 % /mN in slit 7 as indicated by the 
linear regressions. 
26
 3.3. Change of slit width and depth in lyriform organ HS-8 
 
In the absence of a stimulus the slit widths measured as indicated in figure 5 amount to 
2.23 ± 0.32 µm for slit 1, 2.29 ± 0.32 µm for slit 2, 2.66 ± 0.38 µm for slit 3, 3.08 ± 0.30 
µm for slit 4, 3.27 ± 0.33 µm for slit 5, 3.17 ± 0.26 µm for slit 6, and 2.74 ± 0.59 µm for 
slit 7 (N=5). When loading the tibia by the backward deflection of the metatarsus the 
compression of the slits of organ HS-8 follows force linearly and the mechanical 
sensitivity decreases gradually from the longest slit 1 to the shortest slit 7. Close to the 
dendrite coupling cylinder slit 1 is compressed by 4.78 %/mN, slit 2 by 4.46 %/mN, slit 
3 by 2.48 %/mN, slit 4 by 1.39 %/mN, slit 5 by 1.16 %/mN, slit 6 by 0.67 %/mN, and 
slit 7 by 0.49 %/mN (figure 6). 
With increased compression the depth of the trough-shaped outer covering 
membrane of the selected slits 2, 3 and 4 of the lyriform organ HS-8 increases as well. 
When loading the organ the deepest point of the covering membrane of slit 2 (initial 
depth 2.42 ± 0.06 µm; N=4) moved downward by 24 nm/mN relative to the slit edges at 
the dendrite attachment point, followed by slit 3 (initial depth 1.85 ± 0.04 µm; N=4) 
with 12 nm/mN, and slit 4 (initial depth 1.42 ± 0.26 µm; N=4) with 7 nm/mN (figure 
7a). 
 A correlation of slit compression and slit depth increase during stimulation is 
suggested by the similarity of the ratios between the individual slits of both parameters, 
when the steepness of the regression lines is compared. The compression of slit 3 and 
the depth increase of its covering membrane compared to that of slit 2 yields ratios of 
0.56, and 0.50, respectively. Therefore, the mechanical deformability of slit 3 in both 
parameters is only about half of that of slit 2. The ratios of slit compression and depth 
increase of the covering membrane of slit 4 versus slit 3 is in the same range with 0.56, 
and 0.57, respectively. When both parameters are compared in slit 4 versus slit 2 the 
ratios are lower, with 0.31 in slit compression, and 0.28 in depth increase. Likely the 
physiological sensitivity differences described earlier (Barth & Bohnenberger 1978; 
Bohnenberger 1981) result from these deformation differences, which explains itself 
when considering the geometry of the slit’s covering membrane (Barth 1972; see also 
Discussion). 
For simple geometrical reasons Barth (1972) predicted that the bending of the 
covering membrane of the unloaded slits correlates with the membrane’s deformability 
at slit compression. The more the slit membrane is bent inwards in the initial unloaded 
state, the more the membrane is further bent downwards during compression of the slit. 
If it is assumed that in slits with a deeper covering membrane the slit membrane is more 
bent initially, the data of the white light interferometric measurements well confirm this 
prediction, although the value of the increased deformability is as small as 12.5 pm/mN 




Figure 7. (a) Gradual increase of the depth of three selected slits of the lyriform organ HS-8 (N=4, n=4). 
Negative values represent an increase of slit depth. (b) Correlation between depth change following 
stimulation and initial depth of 11 slits (N=4). 
 
 
3.4. Arrangement and deformation of lyriform organ HS-10 
 
The slits of the metatarsal lyriform organ HS-10 bridge a pronounced furrow separating 
the soft cuticular pad (McConney et al. 2007) from the well sclerotised cuticle at the 
distal end of the metatarsus (figure 8a). When the tarsus is loaded and deflected upward 
it pushes against the cuticular pad, which transmits the forces to the slits of the lyriform 
organ and compresses them perpendicular to their long axis. 
 In profiles of the cuticular surface it can well be seen that the furrow in the 
metatarsal cuticle is roughly 100 µm deep, whereas the cuticular bridge formed by 
lyriform organ HS-10 continues seamlessly from the “normal” metatarsal cuticle to the 
cuticular pad (figure 8b). 
The width of the entire organ HS-10 perpendicular to the long axes of the slits 
changes linearly with tarsal deflection angle (figure 8c). In the range from 27 deg 
(mechanical threshold) to approximately 35 deg tarsal upward deflection no significant 
compression of the pad can be measured under quasistatic loading conditions (figure 
8c). 
 
3.5. Change of slit width in organ HS-10 
 
The 21 slits of the metatarsal organ HS-10 differ in length and are organized in 
characteristic groups as described earlier (figure 1c; Barth 2002; Molina et al. 2009). 
The width of the slits in the unloaded organ varies from approximately 2 to 4 µm when 





Figure 8. (a) Dorsal view of the metatarsus-tarsus leg joint including the metatarsal lyriform organ HS-10. 
At stimulation the tarsus pushes against the pad on the metatarsus (black arrow) compressing the slits of 
organ HS-10 perpendicular to their long axis. The colour lines indicate the surface profiles shown in (b). 
(b) White light interferometric surface profiles along the leg’s long axis as indicated in (a). The lines of 
the profiles are broken because of many invalid data points at low magnification. The red profile is taken 
at an angle of 90 deg to the slits of the metatarsal lyriform organ HS-10. The thin straight red line 
indicates the length of organ HS-10 and of the cuticular pad in the profiles used for the measurements in 
(c). The blue and green line show the surface profiles anteriorly and posteriorly of the lyriform organ 
clearly representing the furrow between the soft pad and the well sclerotised cuticle of the metatarsus. (c) 
Relative width of organ HS-10 and the pad under loading compared to the mechanical threshold at 
contact of the metatarsus at 27 deg dorsad deflection. The lyriform organ is compressed linearly as 
indicated by the regression line and more than the pad up to an angle of approximately 37 deg (vertical 
dotted line). 
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 The slits of organ HS-10 are compressed when the tarsus is deflected dorsadly 
by more than approximately 27 degrees. The initially widest and longest slits are 
compressed first, whereas the smaller slits follow successively (figure 9). For the 
measurement of slit width at the site of the dendrite coupling to the covering membrane 
the long and prominent slits 2 and 6 were selected. They were most easily accessible 
and the dendrite attachment site could be identified in interferograms taken from the 
dorsal aspect. 
Slit 2 spans over the entire curvature of the cuticular bridge structure and its 
dendrite attachment site is located towards the anterior aspect of the leg. Its initial width 
measured 3.46 ± 0.55 µm (N=5) and the length measured on SEM images in a plane 
was 152 µm (figures 1c and 9). Slit 6 is located more proximally within the organ and 
its dendrite attachment site found close to the middle of the cuticular bridge. The 
unloaded width amounted to 3.68 ± 0.91 µm (N=5) and slit length was approximately 




Figure 9. From top to bottom: White light interferograms of the central region of the metatarsal vibration 
receptor HS-10 of a first left leg under increasing load. The uppermost interferogram was taken close to 
the mechanical threshold deflection of the tarsus (27 deg). Note the increasing compression of the slits. 
The z-axis is represented by the colour code. The white lines are drawn next to the dendrite attachment 
site and indicate the positions for the measurement of the widths of slit 2 and slit 6. 
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  The biologically most relevant sensitivity range of organ HS-10 is between the 
threshold at a tarsal-metatarsal angle (approximately 27 deg) and 10 degrees beyond 
(approximately 37 deg) (Molina et al. 2009). It corresponds to forces pushing the tarsus 
upward between 0.5 and 3 mN. Within this range a differential sensitivity difference of 
slit 2 and slit 6 can be read from the the slopes of the curves shown in figure 10. The 
compression of slit 2 relative to the resting position follows the stimulus linearly and 
amounts to 15.1 %/mN. In the same range the compression of slit 6 shows a linear 
behaviour as well and measures 5.3 %/mN. Consequently, slit 2 is threefold 





Figure 10. Width of slit 2 (left) and slit 6 (right) of the metatarsal organ (see inset) under loading relative 
to the resting position. The red lines connect the mean values (± s.d.) of five measurements in five 
preparations each. The solid black lines indicate linear regression lines calculated from the values within 
the biologically most important range between the dashed vertical lines. The steepness of the lines (i.e. 





4.1. White light interferometry applied to functional morphology 
 
As mentioned in § 2.5 there are several sources for possible errors in measurements 
with sub-micrometre precision on life animals. However, the measurements were done 
with greatest care and only data showing a trend clearly were further evaluated. The 
sources of the relatively large spreading of the data in figures 6, 7, and 10 are the 
curvature of the slit edges, which leads to interferences not detectable by the white light 
interferometer and the optical resolution of the instrument (0.11 µm). 
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 When the widths of the slits in the lyriform organs HS-8 and HS-10 measured 
with the white light interferometer according to the method described in § 2.5 and figure 
5b are compared with scanning electron micrographs (SEM; figure 1c) and transmission 
electron microscopic (TEM) images (Müllan 2005) they are in the same range, if the 
curvature of the slit edges beyond 35 deg to the surface (not detectable by the white 
light interferometer) is taken into account. 
  
4.2. Viscoelasticity of the leg joints 
 
4.2.1. Tibia-metatarsus joint (organ HS-8) 
 
The shape of the loading curves in figure 2 showing the quick relaxation of the material 
after the initial loading step indicates that the tibia metatarsus joint of Cupiennius is a 
highly viscoelastic system. This was already shown by Blickhan (1986), who measured 
hysteresis loops typical of viscoelastic materials at constant deflection and restoring 
rates of the metatarsus.  
In our experiments the loading of the exoskeleton was quasistatic with the 
metatarsus kept in a certain deflected position for the long time necessary for the white 
light interference scans. The shape of the force curve with the large initial peak 
indicates that the elastic restoring force of the joint is dominant at and shortly after the 
loading step (peaks of the curve) while the viscosity increases with the duration of the 
static deflection of the metatarsus. In case of the example shown in figure 2 the half-
value-period from the initial peak is 30 and 60 seconds, dependent on the deflection 
angle. 
 The main source of the joint’s viscoelasticity is the joint pan of the tibia that 
consists of a clearly softer material than the sclerotised exocuticle (own observations). 
When loading, the joint head of the metatarsus, made of hard sclerotized cuticle, pushes 
into the soft joint pan material of the tibia. Very likely the joint pan material resists to 
the deflection of the metatarsus much more at the loading step and subsequently absorbs 
the force exerted on it by the metatarsal joint head, similar to the joint pad at the distal 
end of the metatarsus, which was shown to be highly viscoelastic (McConney et al. 
2007). The force curves recorded when stimulating organ HS-10 by pushing the tarsus 
dorsadly against the joint pad of the metatarsus are very similar to those deflecting the 
metatarsus stimulating organ HS-8 (figure 2). 
 The joint pad located at the distal end of the metatarsus serves as a mechanical 
high-pass filter for vibration stimuli on the way to the lyriform organ HS-10. The 
elasticity and the Young’s modulus of the joint pad material increase with increasing 
frequency and velocity of dynamic stimuli (McConney et al. 2007). We suggest a 
similar function of the joint pan material of the tibia, thereby having an influence on the 
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 strains in the cuticle stimulating organ HS-8. As well the soft joint pan material leads to 
the proper coupling between the metatarsus and the tibia and makes organ HS-8 most 
sensitive to changes of the metatarsal deflection angle. 
The force decrease after a stepwise loading of the metatarsus is similar to the 
decrease of the rate of action potentials recorded from single slits of organ HS-8 
following a power law function after a step deflection of the metatarsus (Barth & 
Bohnenberger 1978; Bohnenberger 1978; Bohnenberger 1981), which at least to a large 
extent now explains itself as a consequence of the material properties of the tibia-
metatarsus joint. 
The linear course of the force increase at increasing deflection angles of the 
metatarsus (figure 3a) is very reasonable for the function of a proprioreceptor like organ 
HS-8, where the limits of the operating conditions are known and given by the 
biomechanics of the joint. Thereby the single slits of the lyriform organ gradually detect 
the deflection angle of the metatarsus with their different mechanical and physiological 
sensitivities. The proper coupling between the tibia and the metatarsus is essential for a 
proprioreceptive organ like HS-8. 
 
4.2.2. Metatarsus-tarsus joint (organ HS-10) 
 
The exponential force transformation for the stimulation of organ HS-10 (figure 3b) 
implies an adaptation to a wide range of stimulus amplitudes. This makes sense for 
exteroreceptive vibration detectors like organ HS-10, where the amplitudes of the 
stimuli transmitted from the substrate to the sensor vary within large limits. 
Interestingly in the biologically important range up to a tarsal deflection angle 
by roughly 37 deg (up to 10 deg above the threshold; Molina et al. 2009) the organ and 
its slits get more compressed than the joint pad located in front of it (figure 8c). At 
tarsal deflection angles exceeding 37 deg the pad absorbs most of the force acting on the 
metatarsus by being compressed by up to 50 % at angles larger than 47 deg (20 deg 
above threshold). Thus, in addition to being a high-pass filter, the joint pad protects the 
metatarsal organ from overloading and strains which might be harmful to the sensory 
structures.  
At dynamic stimulation like the biologically most relevant small amplitude 
vibrations caused by prey and predators the viscoelastic behaviour of the pad plays an 
important role for signal filtering. Thereby the compression of the pad and the 






 4.3. Comparison with electrophysiological data 
 
4.3.1. Lyriform organ HS-8 
 
4.3.1.1. Range fractionation 
 
Previous electrophysiological studies of the lyriform organ HS-8 show that it is suited to 
measure the angle of metatarsal deflection and a range fractionation of stimulus 
amplitudes by the individual slits (Barth & Bohnenberger 1978; Bohnenberger 1978; 
Bohnenberger 1981). Barth & Bohnenberger (1978) give threshold values of metatarsal 
deflection needed to elicit two to three action potentials using ramp and hold stimuli. 
The longest slit 1 was shown to be the most sensitive responding to displacements of the 
metatarsus by less than 0.01 degree only. The physiological sensitivity of the slits 
within organ HS-8 decreases gradually with decreasing slit length. 
If 1.35 mN/deg, the mean ratio of angle vs. force from all the six preparations of 
the present study (figure 3a), is used to calculate the force to reach the physiological 
threshold angles we get threshold forces for the individual slits of 0.01 mN for slit 2, 
0.15 mN for slit 3, 0.57 mN for slit 4, 0.88 mN for slit 5, and 1.24 mN for slit 6. 
Threshold values for slit 1 and slit 7 are not included in Barth & Bohnenberger (1978) 
due to technical limitations. 
The relative threshold compression of the slits inferred from the regression lines 
of the white light interferometric measurements (figure 6) is not more than roughly 1 % 
of the width of the unloaded slit with values of 0.06 % for slit 2, 0.37 % for slit 3, 0.79 
% for slit 4, 1.02 % for slit 5, and 0.83 % for slit 6. Taking into account the mean 
absolute values of initial slit width, the threshold compression of the slits at the site of 
the coupling cylinder is not more than roughly 30 nm with values of 1.4 nm for slit 2, 
9.8 nm for slit 3, 24.3 nm for slit 4, 33.3 nm for slit 5, and 26.4 nm at slit 6. The depth 
increase of the covering membrane at the physiological threshold amounts to 0.3 nm in 
slit 2, 1.8 nm in slit 3, and 3.8 nm in slit 4. 
The difference in absolute threshold slit compression at the site of the dendrite 
attachment from slit 2 to 6 varies 24-fold compared to the 92-fold difference in the 
physiological threshold values given by Barth & Bohnenberger (1978). The shape of the 
loading curves in figure 2 strongly reminds of the sensory step response properties with 
high action potential frequencies immediately at and after the metatarsal deflection 
followed by an exponential decay (Bohnenberger 1978; Bohnenberger 1981). Although 
the stimulus transformation mechanisms directly at the dendrite coupling cylinder could 
not be analyzed using the current methodologies, the white light interferometric data 
imply that the source of the differing sensitivity cannot be found at the mechanical 
deformation of the slit only. A possible additional source may be differences of 
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 dynamic viscoelastic stimulus transformation among the different slits, as Bohnenberger 
(1981) found at least a 10-fold physiological sensitivity increase of slit 4 in a frequency 
range of sinusoidal deflections of the metatarsus between 1 Hz and 100 Hz.  
 
4.3.2. Lyriform organ HS-10 
 
The placement of the metatarsal lyriform organ HS-10 on the mechanically weak bridge 
structure makes it additionally sensitive for vibrations of the substrate. The slits are not 
more than approximately 7 µm deep, much shallower than the 100 µm deep trench 
separating the sclerotised cuticular cylinder of the metatarsus from the soft joint pad 
structure, and therefore superficially embedded in the cuticle. This arrangement makes 
the site of organ HS-10 very sensitive for movements of the pad against the metatarsal 
leg cylinder, and the slits are located at the place where the strains in the cuticle are the 
largest. During quasistatical loading of the lyriform organ the slits are visibly 
compressed before the pad is, being the mechanically weakest structures in the system. 
This does not exclude the filtering function of the pad described earlier by McConney et 
al. (2007), which is more active at high frequencies and not at low frequencies, like the 
quasistatical loading described in this paper. 
For the metatarsal lyriform organ HS-10 the relation between relative slit width 
and tarsal deflection force in the biologically most relevant range between 0.5 mN and 3 
mN (corresponding to tarsal deflection angles between the mechanical threshold at 27 
deg and 37 deg; figure 3b) is linear in slit 2 as well as in slit 6 (figure 10). Within this 
range slit 2 is compressed more than slit 6 by a factor of 3, likely indicating a stimulus 
amplitude fractionation by the individual slits of organ HS-10.  
According to electrophysiological studies all the individual slits of the metatarsal 
organ behave like high-pass filters for vibration frequencies above approximately 30 Hz 
(Barth & Geethabali 1982; Molina et al. 2009). The main source for this tuning of the 
vibration receptor are the viscoelastic material properties of the joint pad (McConney et 
al. 2007; Fratzl & Barth 2009). At contact between tarsus and metatarsus (mechanical 
threshold) a deflection of the tarsus by approximately 10 deg down to 1 deg suffices at 
sinusoidal deflection frequencies from 5 Hz to 100 Hz to elicit suprathreshold action 
potentials (Molina et al. 2009). This range corresponds to a force change on the tarsus 
in the range from about 4.5 mN at 10 deg down to 195 µN at 1 deg (calculated with the 
mean values of the fitted exponential functions). At higher frequencies the physiological 
threshold angle decreases dramatically by 3 to 4 orders of magnitude down to 0.005 deg 
and a tarsal movement by 4.5 nm at 1000 Hz (Barth & Geethabali 1982; Molina et al. 
2009) corresponding to a load change on the metatarsus by 0.9 µN only. These values 
are useful for a rough estimation of the range of forces stimulating organ HS-10, 
although they are calculated from the quasistatical phase of the force measurements 
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 (figure 2). At dynamical stimulation certainly larger force values are expected due to the 
significant increase of the Young’s modulus of the metatarsal pad at vibration 
frequencies above 30 Hz (McConney et al. 2007; Fratzl & Barth 2009).  
 
4.4. Comparison with finite elements modelling 
 
Finite element models of various patterns of slit arrangements showed that the 
positioning of the slits within a lyriform organ and the direction of load strongly affect 
the compression of the individual slits and consequently their response to various 
stimulus parameters (Hößl et al. 2007; 2009). 
For organ HS-8 the slit compression at the dendrite position under load was 
simulated in a model with the exact arrangement and shape of the slits projected in a 
plane (Hößl et al. 2009). When the values calculated from the linear regression lines of 
slit compression (figure 6), the mean values of initial slit widths, and the mean 
correlation of force and metatarsal angular deflection (1.35 mN/deg) of the actual white 
light interferometry data are compared with the values from the finite element model 
they show reasonably good agreement within a factor of about 2. 
At a metatarsal deflection angle of 0.75 deg, at which the slit width in the finite 
element (FE) model was evaluated, the compression of the present white light 
interferometry study amounted to 107 nm for slit 1 (FE 206 nm), 102 nm for slit 2 (FE 
145 nm), 66 nm for slit 3 (FE 67 nm), 43 nm for slit 4 (FE 48 nm), 38 nm for slit 5 (FE 
20 nm), 21 nm for slit 6 (FE 9 nm), and 13 nm for slit 7 (no FE data). The small 
deviations of the model from the data collected using white light interferometry 
potentially arise from the modelling in a perfectly even plane and the influence of even 
small deviations of slit width, orientation towards the loading force, and the shape of the 
slits in finite element modelling. 
Substantially both methods show the same trend of the gradual compression of 
the slits with the longest one being the most sensitive and decreasing sensitivity of slits 
2 to 7 according to their decreasing length, which supports the results of the fractionated 
stimulus amplitude resolution by the individual slits of organ HS-8 found in the earlier 
electrophysiological studies (Barth & Bohnenberger 1978).  
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Figure 1. Change of the cross-section of the tibia (cuticle surface) at the location of the lyriform organ 
HS-8 due to deflections of the metatarsus. Black: unloaded; red: backward deflection of the metatarsus by 
10.2 deg which effectively stimulates HS-8; green: forward deflection of the metatarsus by 10.2 deg 
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The present work deals with proprioreceptive hair sensilla of the wandering spider 
Cupiennius salei, which are deflected by joint flexion during locomotion. The hairs are 
located at the articulation of tibia and metatarsus on all walking legs. On the tibia 20 
such sensory hairs form a distinct row. They face about 75 sensilla on the metatarsus. 
When two opposing hairs get into contact during flexion of the joint, they deflect each 
other, reversibly interlocked by microtrichs on their hair shafts. The torques resisting 
hair deflections are much lower into the direction of natural stimulation than into the 
other directions, indicating a pronounced mechanical directionality of the hair 
suspension. Whereas in the preferred direction the torsional restoring constant S of the 
hair suspension is in the range of 10-10 Nm rad-1 up to a deflection angle of about 30 deg 
(mean of natural deflections), it is larger by one to two powers of ten in other directions. 
Within the spider´s natural step frequency between 0.3 and 3 Hz the sensory response 
(action potentials) of the joint hair sensilla follows the velocity of hair deflection. 
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Action potentials are set off at every step of the walking spider, when the hairs are 
deflected from their resting position. At hair deflections with constant angular velocities 
but different final deflection angles the maximum frequency of the action potentials 
remains constant. These results indicate that the joint hair sensilla are sensitive to the 
step frequency and the velocity of joint flexion. All findings point to the morphological, 
mechanical and physiological adaptation of the joint hair sensilla to their natural 
stimulation during locomotion. 
 
Keywords Mechanosensors · Hair sensilla · Proprioreception · Locomotion · 





The precise coordination of the eight walking legs of a spider requires sensory feedback 
about the degree of flexion of their joints and the velocities of movement. In the present 
study the likely adaptation of hair sensilla at the tibia-metatarsus joint of the hunting 
spider Cupiennius salei to a proprioreceptive function is examined. 
On a walking leg of an adult Cupiennius salei spider there are about 150.000  
hair sensilla (estimation from hair density and leg surface area) covering a large 
spectrum of functional types. The most sensitive among them are the trichobothria or 
filiform hairs. They respond to the frictional forces due to the slightest movements of air 
(Barth and Höller, 1999; Barth, 2002; Barth, 2004; Humphrey and Barth, 2008; 
McConney et al., 2009). By far the majority of hair sensilla on the spider’s leg respond 
to tactile stimulation. Long exteroreceptive hair sensilla located dorsally on the tarsus 
and metatarsus were identified as “event detectors” mainly responding to the onset of 
tactile stimuli (Albert et al., 2001). A single row of proprioreceptive bristles proximally 
on the leg was found to be adapted to measure the distance between the coxae of 
neighbouring legs (Eckweiler et al., 1989). Groupings of particularly short sensilla 
forming hair plates at the joint between coxa and prosoma are proposed to inform the 
spider about its position in three-dimensional space (Seyfarth et al., 1990). Furthermore, 
hair sensilla bridging the metatarsus-tarsus joint respond to vibrations and are 
stimulated by dorsoventral displacement of the tarsus (Speck-Hergenröder and Barth, 
1988). Finally, tactile stimulation of hairs on the sternum elicits reflexes adjusting the 
distance of the body to the ground of a spider walking over obstacles (Eckweiler and 
Seyfarth, 1988). Seyfarth (1985) postulated a proprioreceptive function of the several 
hundred hair sensilla bridging the leg joints of Cupiennius. 
 Here we examine yet another type of mechanosensitive hair sensilla found at the 
tibia-metatarsus joint and suggest its proprioreceptive function. The joint is of the hinge 
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type with its main plane of movement in the dorso-ventral direction and the axis of 
rotation on the dorsal side (Fig. 1A). To examine whether the sensory hairs at this leg 
articulation are adapted to monitoring joint deflection the following aspects were 
examined. (i) The joint angles and hair deflections during locomotion, (ii) the 
arrangement of the sensory hairs, (iii) the hair surface structures leading to reversible 
adhesion to hairs on the opposing leg segments during joint flexion, (iv) the mechanical 
directional characteristics of the suspension of selected hairs, and (v) the potential 
tuning to the natural deflection frequencies during locomotion as seen from its nervous 






Fig. 1. (A) Photomicrograph of the tibia-metatarsus joint of a second walking leg; front view. The dot 
marks the centre of rotation of the joint. The arrowheads point to the ventral joint hairs examined in detail 
in this study. (B) When the joint angle  decreases during joint flexion, the ventral joint hairs of tibia and 
metatarsus deflect each other from contact onward by the angle  in the direction indicated by the arrows. 
The resting positions of exemplary hairs are drawn as thick black lines and the maximum deflections 
indicated in gray. The thickness of the hairs is not to scale. Scale bars 1 mm 
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The experiments were carried out on adult females of the Central American wandering 
spider Cupiennius salei (Keyserling, 1877) bred in the Department of Neurobiology of 
the University of Vienna. For the measurements of the hair angle during the deflection 
of the joint, for force measurements, and electrophysiological experiments the animals 
were briefly anesthetized with CO2 and tethered onto a holder with adhesive tape. The 




Spiders were filmed in profile (at a right angle to their long axis) during straight runs 
with a digital video camera (Canon XL 1; Canon Inc., Tokyo, Japan) at 25 frames per 
second. By the chosen perspective angular distortions were negligible, because 
Cupiennius salei moves the tibia-metatarsus joint of its first pair of legs in parallel to the 
longitudinal axis of the body. Furthermore, the field of view was no more than 15 cm 
wide so that lens distortions were negligible. In 54 control experiments with five spiders 
filmed from above the translational movement of the tibia-metatarsus joint was in 
parallel to the longitudinal axis of the body in more than 99% of the steps. 
 The animals walked in a Perspex gangway (length 60 cm, height 3.5 cm, width 
10.5 cm) illuminated by daylight fluorescent tubes. The openings of the gangway at its 
end were closed with black cardboard, because Cupiennius salei orients towards dark 
objects under light conditions (Schmid, 1998). The room temperature during the 
experiments was 30°C. The exposure time per frame was set to 1/1000 s to 1/2000 s. 
The recordings were transferred to a PC (Studio DV plus; Pinnacle Systems, Mountain 
View, CA, USA) and the joint angle measured frame by frame by marking the dorsal 
edges of the tibia and metatarsus and the centre of the joint’s rotational axis (on-screen 
measurement error 0.38%, n=10; Software: Videopoint 2.5; Lenox Softworks, Lenox, 
MA, USA). The mean running speed was determined from the time and the spider’s 
horizontal translational movement between the first and last frame of a recording. 
 
Mapping and identification of proprioreceptive hairs 
 
The hairs deflected by joint movements were observed in live spiders or freshly 
autotomized legs and documented using a stereomicroscope and a digital camera (Nikon 
Coolpix 990; Nikon Corporation, Tokyo, Japan). For mapping the topography of the 
proprioreceptive hair sensilla under the microscope the joint was dissected. A 
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longitudinal cut ventrally in the leg followed by immersion of the preparation into 5% 
KOH solution for ca. 1 hour allowed to spread out and flatten the tube shaped leg 
segment. The specimens were dehydrated through a graded concentration series of 
ethanol and Xylene and embedded in DPX (distyrene, a plasticizer, and xylene) 
mounting medium (Agar Scientific Ltd., Stansted, UK) on microscope slides. To keep 
the cuticle flat during hardening of the mounting medium the cover slips were loaded 
with metal cubes. The outlines of the sockets of the proprioreceptive hairs were drawn 
using a camera lucida. In order to correlate the shape of their shafts with their position 
at the joint individual hairs were plucked out and photographed using a digital 
laboratory imaging system (Lucia M/Comet 3.52a, Laboratory Imaging s.r.o., Prague, 
Czech Republic; Camera Sony Power HAD 3CCD, Sony Corporation, Tokyo, Japan on 
a Laborlux D microscope, Ernst Leitz Wetzlar GmbH, Wetzlar, Germany).  
 
Controlled joint flexion 
 
For the measurement of the angles of the proprioreceptive hair deflections live spiders 
were mounted on a metal platform. Hairs not normally deflected by joint movements 
were removed. The deflection plane of the hairs of interest was adjusted to the plane of 
focus of the stereomicroscope with the camera of the digital imaging system. The tibia 
was fixed with beeswax while the metatarsus was free to be moved using a wire loop. 
Pictures of the hairs were taken at increasing flexion of the joint. At a joint angle of = 
180 deg the joint was stretched with the mid-dorsal aspect of tibia and metatarsus 
forming a straight line. At < 180 deg the metatarsus was flexed towards the ventral 
aspect. The deflection angles α of the hair shaft were measured relative to its resting 
position (Fig. 1B). The measurement was very reproducible, with a maximum 
measurement error (SE) found to be 1.83% at 8 repetitions of the experiment in the 
same preparation. 
 
Scanning electron microscopy 
 
Tibia-metatarsus joints of freshly autotomized legs and kept at an angle  of 
approximately 135 deg with small insect pins were fixed in buffered glutar-di-aldehyde 
(0.2 M in sodiumcacodylate buffer, 4% sucrose, pH 7.8) followed by staining with 
osmium tetroxide (1%), dehydrated with dimethoxypropane (DMP), pure ethanol and 
pure acetone, and dried by hexamethyldisilazane (HMDS) evaporation (all chemicals 
supplied by Sigma-Aldrich Handels GmbH, Wien, Austria) Specimens were sputter 
coated with gold for 100 seconds (Model 108; Agar Scientific Ltd., Stansted, UK) and 
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examined in a scanning electron microscope (Philips XL 20; FEI, Eindhoven, The 




For the measurement of the restoring moments opposing hair deflection originating in 
the hair suspension the method developed by H.-E. Dechant (2001) and described in 
detail in Albert et al. (2001) and Barth et al. (2004) was used. In short, the force 
opposing hair deflection was measured by the deflection of an individually calibrated 
glass fibre. The amount of fibre deflection, the lever arm and the degree of hair 
deflection from the unloaded position were quantified in serial digital photographs. 
Glass fibres were made from borosilicate glass capillaries (Vitrex; outer 
diameter 1 mm, inner diameter 0.58 mm, length 100 mm, with filament; Modulohm 
A/S, Herlev, Denmark) using a laser micropipette puller (Sutter P-2000; settings: heat 
600, fil 4, vel 50, del 150, pul 100; Sutter Instrument, Novato, CA, USA). The glass 
fibres were calibrated at a marked point along their length by bending them in defined 
steps against a razor blade mounted on a micro balance (Mettler BE 22; Balance Control 
BA25; Mettler Instrumente AG, Greifensee, Switzerland). Deflection amplitudes were 
up to 1 mm. The calibration procedures were controlled optically and carried out on a 
vibration isolation table (TMC micro g; Technical Manufacturing Corporation, 
Peabody, MA, USA) in a closed room. The deflection of the glass fibre correlated 
highly linearly and reproducibly (R2 0.994; n=15) with the applied force by 0.044 µN 
per µm. 
 Single joint hairs were adjusted at right angle to the vertically mounted glass 
fibre at the calibration mark. The hair was then pushed stepwise against the glass fibre 
and image sequences were recorded and analyzed for hair angle and glass fibre 
deflection with the image analysis system. The correct position of the calibration mark 
was controlled optically during the experiments. The torque was calculated as the 
product of fibre displacement in the image plane and the calibration factor of the glass 
fibre (force) and the distance of the point where the load was applied on the hair shaft to 




Action potentials were recorded extracellularily from single joint hairs with 
electrolytically sharpened tungsten electrodes. The different electrode was inserted a 
few micrometers deep into the cuticle proximally of the sensillum socket using a 
nanostepper (Scientific Precision Instruments GmbH, Oppenheim, Germany) mounted 
on a micromanipulator. The grounded indifferent electrode was a silver wire inserted 
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into the opisthosoma. For mechanical stimulation a fork made of tungsten wire and 
mounted on an electrodynamic shaker (Model V101, Ling Dynamic Systems Ltd., 
Royston, UK) with custom made feedback control was used (Bohnenberger et al. 1983). 
The shaker was attached to a micromanipulator on a turntable for the precise adjustment 
of the deflection stimulus in the proprioreceptive plane. The stimulator was driven by an 
externally triggered function generator (Model 20, Wavetek, San Diego, CA, USA) and 
the stimulus magnitude adjusted by an attenuator. 
 Stimuli were either ongoing or single sinusoidal movements at a temporal 
distance of 30 s to simulate a natural stimulus. At zero point of the sine wave the 
stimulator just slightly touched the joint hair, without deflecting it from its resting 
position. The half sine wave above zero deflected and returned the hair to its initial 
position in the direction of its normal proprioreceptive stimulation. During the half 
wave below zero there was no contact between stimulator and hair shaft. The hair 
deflection amplitude was adjusted optically with an angular grid in the ocular lens of a 
dissection microscope (Wild M5A, magnification 100x, Wild Leitz Ltd., Heerbrugg, 
Switzerland). 
 The recording trace was band pass filtered between 100 and 3000 Hz and 
monitored using a loudspeaker and an oscilloscope. Data were recorded together with 
the displacement signal of the stimulator via an analogue-digital-interface (CED 1401, 
Cambridge Electronic Design Ltd., Cambridge, UK) onto the hard disk of a PC 
(resolution 10000 samples per second). The setup was arranged within a Faraday cage 
and on a vibration isolation table (TMC micro-g, Technical Manufacturing Corporation, 





Movement of the joint during locomotion  
 
In freely running animals the joint anglereaches a maximum of 174.2 deg ± 7.6 deg 
(mean ± s.d., N=7, n=41) when the leg touches down on the ground at the end of the 
swing phase. Maximum joint flexion and thus the smallest angle  of 119.4 deg ± 8.6 
deg (N=7, n=42) occur before the leg is lifted from the substrate at the end of the power 
stroke. Figure 2A shows a representative example of the time-course of the joint angle  
at a moderate walking speed of 2 cm s-1 of the spider. The mean amount of joint flexion, 
defined as the difference between the maximum and the following minimum during a 






Fig. 2. Movements of the tibia-metatarsus joint during straight forward locomotion. (A) Two steps at a 
mean walking velocity of 2 cm s-1. The upper trace shows the positions of tibia, metatarsus, and tarsus 
from frame-to-frame video analysis, the diagram below the corresponding values of joint angle . The red 
line indicates the mean threshold angle for the deflection of the ventral joint hair sensilla during joint 
flexion. Scale bar 1 cm. (B) Maximum (extension) and minimum (flexion) angles of the joint at different 
running speeds. The dashed lines mark the level of the mean extension and the mean flexion angles, the 
dotted lines the corresponding standard deviations (N=7, n=24). The red line indicates the mean threshold 
angle for the deflection of the ventral joint hair sensilla during joint flexion.  (C) Duration of the joint’s 
flexion and extension phases at different running speeds (N=7, n=23). 
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 < 100 deg, but frequently extended up to an angle  of approximately 190 deg (Fig. 
2B). 
 The step duration, which is the time needed for a power stroke (joint flexion) 
and the following swing phase (joint extension without contacting the substrate), 
decreases from about 3 s at a running speed of 1 cm s-1 to about 0.8 s at 6 cm s-1. From 6 
cm s-1 to 20 cm s-1 the step duration decreases more slowly down to 0.32 s. Up to a 
running speed of 3.5 cm s-1 the flexion and extension phases of the steps decrease 
simultaneously, whereas at larger velocities the time for joint extension (swing phase) 
remains fairly constant and only the duration of the power stroke decreases (Fig. 2C). 
Consequently, the stepping frequency of the first leg pair of Cupiennius salei during 
straight forward locomotion under light conditions is 0.3 Hz to 3 Hz at running speeds 
between 1 and 20 cm s-1. 
 
Distribution and proprioreceptive deflection of all hair sensilla at the tibia-metatarsus joint 
 
The shape of the joint hair sensilla at the tibia-metatarsus joint and the pattern of their distribution are 
the same for all the eight legs of the spider. Distally on the tibia there are about 310 and on the 
metatarsus about 400 hair sensilla, which are deflected by movements of the joint. The large majority of 
them are deflected by contact with hairs on the other segment of the leg. Only the most distal dorsal hairs 
dorsally on the tibia are deflected of the tibia by contact with the metatarsal cuticle. 
 The approximately 480 hairs arranged dorsally on the tibia and the metatarsus are deflected 
only slightly from their resting position and only when the leg is stretched, the angle  being close to 180 
deg. The approximately 230 hair sensilla on the lateral and ventral aspects of the joint are longer than 
the dorsal ones. They are deflected by angles up to 60 degree when the joint is flexed during the power 
stroke. 
Six types of proprioreceptive hair sensilla can be distinguished by their shape and arrangement 
pattern and the kind of their proprioreceptive deflection as follows (Fig. 3A,B). 
 (Ti 1) Tibia, dorsally: The hair shafts cover the hairless cuticle which is found directly at and 
around the joint pans (condyli). Their sockets are arranged in multiple rows so that several layers of hair 
shafts bridge the gap to the metatarsus. About 200 such hairs arranged in multiple rows are found on the 
entire dorsal aspect. They are deflected away from the skeletal cuticle by the metatarsal dorsal sensilla 
when the joint is stretched.  
 (Me 1) Metatarsus, dorsally: About 280 sensilla are arranged in multiple rows. The hair tips 
point distally and the hair shafts form a small angle with the cuticle surface. The angle and the length of 
these hairs increase with distance from the joint. When the joint is stretched they are pushed down 
slightly by the dorsal sensilla of the tibia.  
 (Ti 2) Tibia, anterior and posterior: The multiple rows of short hairs dorsally merge to a single 
row of long hairs ventrally. Anterior-ventrally there are about 40 hairs between the dorsal edge and the 
ventral cuticular spine. Their length varies from about 800 µm (most dorsal hairs) to 1600 µm (most 
ventral ones). Posterior-ventrally are about 50 proprioreceptive hairs arranged similarly like on the 
anterior-ventral aspect and lengths ranging from 700 µm to 1500 µm. 
(Me 2 and 3) Metatarsus, ventrally: About 120 proprioreceptively deflected sensilla are 
arranged on the ventral aspect starting below the joint sockets of the, in cross-section half-lentil-shaped 





Fig. 3. (A) Posterior view of the joint between tibia and metatarsus. The different areas of joint hairs are 
indicated by different shadings of grey and numbers referring to the text. (B) Examples of the typical hair 
shapes in the areas 1 to 3 (compare with (A)) are drawn in reference to their sockets in a flattened cuticle 
preparation. Asterisks mark joint hairs representing those examined in detail in the present study. The 
cuticular spines (sp) and lyriform organs (lo) on the tibia are drawn as landmarks. Scale bars 1 mm 
 
 
n=18) with the exoskeletal surface and the hair tips are bent point distally. During joint flexion they are 
deflected by the Ti 2 and Ti 3 hairs opposing them on the anterior, posterior and ventral aspect of the 
tibia. 
 (Ti 3) Tibia, ventrally: Ventrally between the two large cuticular spines are 20 ± 4 (N=20) joint 
hair sensilla that form a row at the edge of the sclerotized cuticle to the joint membrane. The sockets of 
these hairs are about 50 µm away from the “normal” hair coat of the tibia. Their shafts are 1400 ± 200 
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µm (N=8, n=32) long and deflected away from the joint membrane by type Me 3 hairs of the metatarsus 
(Figs 1B, 3B). 
The two hydraulically erectile spines on the tibia have to be counted as cuticular sensilla with a 
lever arm as well (Harris and Mill, 1977; Foelix, 1996). They are shorter (about 1200 µm) than the hairs 
surrounding them and deflected only by direct contact with the cuticle of the metatarsus at large angles of 
joint flexion  from 125 deg to 135 deg onward. 
 
Mechanical threshold and proprioreceptive deflection of the ventral joint hairs 
 
The mechanical threshold of hair deflection is indicated by the onset of hair shaft 
movement due to flexion of the joint. Of the ventral hair sensilla of the tibia (Ti 3) the 
deflection threshold is at a joint angle  of 147 deg ± 10 deg (N=8, n=32). A similar 
value is found for the neighbouring Ti 2 sensilla at 148 deg ± 19 deg (N=4, n=25) 
anteriorly and 147 deg ± 7 deg (N=4, n=16) posteriorly. Together they form a functional 
entity of approximately 110 hair sensilla, which are simultaneously deflected during 
flexions of the joint at joint angles of  < 147 deg onward, which is reached in every 
step of the walking spider (Fig. 2B), by the approximately 120 opposing Me 2 and Me 3 
sensilla of the metatarsus. 
Interestingly, within the biological range of joint flexions up to joint angles of  
by 100 deg the mean deflection curves of the ventral tibia (Ti 3) and metatarsal (Me 3) 
joint hairs, which are examined in more detail in the present study, are very similar with 
maximum hair deflection angles  of approximately 60 deg. Within the biologically 
most relevant mean range of joint flexions up to joint angles  of approximately 120 
deg (Fig. 2B), both the ventral joint hairs of the tibia and those of the metatarsus deflect 





Fig. 4. Mean deflection  (± s.d.) of ventral tibia (N=8, n=32) and metatarsus (N=6, n=18, each measured 
6 times) joint hairs as a function of joint angle bin width 5 deg). Joint angles  within the shaded area 
(< 100 deg) are not reached during active locomotion of the spider. 
49
  
Functional morphology of the hair shafts and sockets 
 
The shafts of the ventral joint hairs of both the tibia and the metatarsus are covered with 
tens of thousands of cuticular protuberances (microtrichs). Their absolute number on a 
single hair strongly depends on the length and diameter of the hair shaft. The 
microtrichs emerge from ripples parallel to the long axis of the hair shaft starting from 
25 µm above the suspension of the hair in the cuticle up to the hair tip. The microtrichs 
form regular rows with a distance of 1 µm between them. Dependent on the hair shaft´s 
cross section there are from 15 microtrichs per µm of hair length in the tip region up to 
25 microtrichs per µm in the basal region of the hair shaft. They are cone shaped, 5 µm 
long, and about 1 µm thick at their base. Their tips are 150 nm wide and form a small 
hook. When the joint hairs of the metatarsus and the tibia are in contact during flexion 
of the leg joint the contact area is limited to the tip region of the microtrichs (Fig. 5). 
Thereby, during joint flexion the two joint hairs deflect one another loosely and 
reversibly coupled. 
 Viewed from above the sockets of the tibia hairs are nearly circular. In the 
undeflected state the membrane of the hair suspension bulges outward between the basal 
hair shaft and the socket wall at the side of proprioreceptive deflection. Here the distance 
between the hair shaft and the socket wall is much larger than into the other possible 
directions of hair deflection (Figs 6A,B). The socket of the metatarsus hairs viewed from 
above is slightly elliptic with its longer diameter in the plane of proprioreceptive 
movement. At the side of proprioreceptive deflections the wall of the hair socket is lower 





Fig. 5 Microtrichs on the hair shaft of a tibia (top) and a metatarsus hair (below) in contact at a joint angle 
 of 135 deg. Microtrichs interlock slightly. Scale bar 5 µm 
50
  
hair sockets and the structures of the socket walls facilitate large angle deflections into 
the proprioreceptive directions before the hair shafts are bent. These structures of the 









Fig. 6. Hair sockets of the ventral joint hairs. The proprioreceptive deflection directions are indicated by 
the arrows. (A) SEM micrograph of two sockets of tibia hairs. Below a photomicrograph of a semi-thin 
section of a hair socket. Toluidine blue stained (slice by courtesy of R. Müllan). Asterisks indicate the 
bulging joint membrane. (B) Socket of a metatarsus hair. Scale bars 20 µm 
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Mechanical directional characteristics 
 
The restoring torques of the tibia sensilla were measured at the hairs ventrally of the 
posterior cuticular spine. On the metatarsus the restoring torques were obtained from 
sensilla opposing those of the tibia (Fig. 3B). Each preparation was examined by six 
consecutive deflections of the hair shaft in four directions (proximad, distad, anteriad, 
posteriad) and the torques needed for the deflection plotted as a function of the hair 
deflection angle  (Fig. 7A). 
At deflections up to a hair angle of  ≤ 50 deg in the proprioreceptive direction 
the torques rise slowly from zero to about 1 nNm in both the tibia and the metatarsus 





Fig. 7. Mechanical directional characteristics of the joint hairs. (A) Torques at deflections of a tibia hair in 
four different directions relative to the leg’s long axis (proximad-distad). The vertical line at 59 degrees 
marks the maximum hair deflection by joint flexion during locomotion, the line at 28 degrees the mean 
value of hair deflection during locomotion (compare Fig. 4). The regression line (red) was used to 
determine the torsional restoring constant S. Below is the corresponding graph for a metatarsus joint hair. 
(B) Polar plots of the torques. The iso-torque lines connect the mean angles of deflection (n=6) required 
to reach torques from 1 nNm (innermost line) to 5 nNm (outermost line). In the proprioreceptive direction 




significantly, indicating the contact of the basal hair shafts with the socket walls and 
therefore the bending of the hair shafts (Fig. 6A). When the hair shafts are deflected into 
the other directions (i.e. opposite to the proprioreceptive direction, anteriad, and 
posteriad) the torque values increase much faster with deflection angle, the greatest 
resistance being in the direction opposite to the proprioreceptive one (Fig. 7A). The iso-
torque plots shown in Fig. 7B clearly demonstrate the directional characteristics of the 
hair suspensions. 
 The torque (T) increase with deflection angle  [deg] in each direction can be 
well described mathematically (R2>0.85) by the exponential function baeTT  0 , 
where T0, a and b are constants (table 1).  
 
 
Table 1. Parameters (mean values) and correlation coefficients R2 of the exponential function 
baeTT  0  [Nm × 10-9] fitted to the measured torque values T (six preparations and hairs each). T0 
is the extrapolated value of T at a hair deflection angle of  0 deg. a and b are constants, and R2 is the 
correlation coefficient of the fitted curve with the experimental data. 
 
 T0 a B R2 
Tibia hairs     
Proximad* 0.37 ± 0.08 0.00 ± 0.00 1.17 ± 0.02 0.96 ± 0.02 
Distad -3.55 ± 4.43 3.59 ± 4.45 0.22 ± 0.22 0.86 ± 0.08 
Anteriad -4.60 ± 4.42 4.15 ± 4.21 0.09 ± 0.04 0.92 ± 0.05 
Posteriad -0.50 ± 0.86 0.63 ± 0.72 0.12 ± 0.05 0.96 ± 0.02
     
Metatarsus hairs    
Proximad -6.63 ± 10.46 6.38 ± 10.49 0.08 ± 0.06 0.91 ± 0.05 
Distad* 0.12 ± 0.18 0.07 ± 0.08 0.06 ± 0.03 0.98 ± 0.01 
Anteriad -3.42 ± 3.06 3.19 ± 2.85 0.06 ± 0.04 0.96 ± 0.02





Torsional restoring constants S 
 
In the proprioreceptive direction the torsional restoring constant S of the hair suspension 
can be evaluated from the linear region of the torque curve between the angles of hair 
deflection of  = 10 deg and  = 30 deg (Fig. 7A). The values of S of the tibia joint 
hairs are in the range from 5.0×10-12 to 2.3×10-11 Nm deg-1, and 2.9×10-10 to 1.3×10-9 
Nm rad-1, respectively (N=6). The torsional restoring constants of the metatarsus joint 
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hairs are similar, between 5.4×10-12 to 1.7×10-11 Nm deg-1, and 3.1×10-10 to 1.6×10-9 
Nm rad-1, respectively (N=6) (table 2). Within this linear range the restoring torques can 
be related to the extension of a linear spring element within the hair suspension. 
Consequently, because of the similarity of the S values of the tibia and metatarsus hair 
suspensions, both hairs are deflected by roughly the same amount when the joint is 
flexed during locomotion. 
Into other than the proprioreceptive direction the stiffness of the hair suspension 
is larger. For these not proprioreceptively directed deflections the values of S listed in 
table 2 were derived from the quasi-linear rise of the torque curves at deflection angles 
below 5 deg. Compared to deflections in the proprioreceptive (proximad) direction the 
stiffness of the suspension of the tibia hairs is 62-times larger in the distad direction of 
deflection, 37-times in the anteriad, and 12-times in the posteriad direction. For the 
metatarsal joint hairs the mechanical directional characteristics are slightly less 
pronounced with a 19-fold larger stiffness towards the proximal and anterior direction, 




Table 2. Linear torsional restoring values S of the ventral tibia and metatarsus joint hairs in four 
deflection directions (six preparations and hairs each) 
 
 Mean [Nm rad-1] s.d. [Nm rad-1] Minimum [Nm rad-1] Maximum [Nm rad-1] 
Tibia hairs     
Proximad* 5.92 × 10-10 3.85 × 10-10 2.86 × 10-10 1.33 × 10-9 
Distad 3.69 × 10-8 2.64 × 10-8 5.40 × 10-9 8.02 × 10-8 
Anteriad 2.17 × 10-8 1.34 × 10-8 8.10 × 10-9 3.93 × 10-8 
Posteriad 6.90 × 10-9 2.69 × 10-9 4.22 × 10-9 1.10 × 10-8
     
Metatarsus hairs    
Proximad 1.51 × 10-8 1.05 × 10-8 3.59 × 10-9 2.86 × 10-8 
Distad* 8.03 × 10-10 4.54 × 10-10 3.09 × 10-10 1.60 × 10-9 
Anteriad 1.50 × 10-8 9.29 × 10-9 4.85 × 10-9 2.74 × 10-8





Electrophysiological response properties 
 
To approximate the natural stimulus pattern sinusoidal half wave deflections by angles 
of = 30 deg were applied to single joint hair sensilla into the proprioreceptive 
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direction at different frequencies. This quasi-natural stimulus pattern roughly 
corresponds to the flexion of the joint by joint angles from = 150 deg to = 120 deg, 
which is the mean range of joint flexion during locomotion. 
 Bursts of up to 50 action potentials follow in response to deflection of the hairs 
away from their resting position at the slowest stimulus (0.1 Hz). No action potentials 
are generated during the return of the hairs to their resting position. The number of 
action potentials decreases quickly with increasing stimulus frequency down to 5 at 5 
Hz (Figs 8A,B).  
 To test whether the frequency of the action potentials during one burst correlates 
with the stimulus frequency and therefore the velocity of the hair deflection the shortest 
inter-spike interval and the resulting maximum impulse frequency during one burst 
were compared at different stimulus frequencies. 
The velocity of joint flexion is represented by the frequency of the action 
potentials during one burst especially at low stimulus frequencies well within the 
biological range. From 0.1 Hz to 1 Hz the mean maximum frequency (N=6, n=36) more 
than doubles from about 40 to 100 Hz. At stimulus frequencies from 1 Hz to the upper 
limit of the biological range at 3 Hz the maximum frequency of the action potentials 
increases further from about 100 Hz to 140 Hz. At deflection frequencies beyond the 
biological range (> 3 Hz) the impulse rate does not increase further and the velocity of 






Fig. 8. Sensory response (action potentials) of the ventral joint hair sensilla to proprioreceptive 
deflections by α = 30 deg by sinusoidal half waves. (A) Tibia hairs. The thick red and blue lines connect 
the means of six joint hairs (± s.d.; N=6, n=36). Maximum frequency of action potentials per stimulus 
(full red circles), number of action potentials per stimulus (open blue squares), original data (small 
symbols). The thin black lines connect the mean values of each preparation (N=1, n=6). Stimulus 
frequencies within the shaded area are not reached during locomotion of the spider. (B) Metatarsus hairs 
(N=5, n=30). Details same as in (A). 
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Therefore, the velocity of joint movement may be monitored by the frequency of 
the action potentials during one burst, whereas the stepping frequency of the spider 
during locomotion is detected by the synchrony of the bursts with the beginning of the 
deflection of the hairs from their resting positions. These electrophysiological data are 
even more manifest, if the synchronous deflection of the about 100 ventral, anterior- 
and posterior-ventral joint hairs of the tibia together with about 100 joint hairs at the 
ventral aspect of the metatarsus at flexion of the joint is taken into account. 
The mean threshold hair deflection  necessary to elicit one action potential 
with quasi-natural sinusoidal stimulation is 8 deg at all frequencies tested up to 10 Hz 
(N=4, n=4). The angular threshold may be as large as  = 20 deg at 0.1 Hz and as low 
as  = 3 deg at 1 Hz in single preparations. 
At linear ramp-and-hold deflections with a constant hair deflection velocity of 
40 deg s-1 towards final angles between  = 6 deg (threshold angle of the preparation) 
and  = 30 deg the maximum action potential frequency of the sensory response 
remains the same. In the same angular range the number of action potentials increases 
from 100 to about 250, which is thought to be mainly due to the longer duration of the 
dynamic stimulus phase of the hair movement (Fig. 9). The latter response properties 
again indicate that the joint hair sensilla are dynamical receptors for the velocity of 






Fig. 9. Sensory response of a ventral tibia joint hair to ramp-and-hold deflections into the proprioreceptive 





Pattern of hair arrangement 
 
During locomotion a multitude of hair sensilla at the tibia-metatarsus joint of 
Cupiennius salei is stimulated due to their pattern of arrangement and shape. The tips of 
the sensilla in the areas Ti 2 and Ti 3 on the tibia  roughly form a straight line in their 
resting positions (Fig. 3). These sensilla represent a kind of sensory collar consisting of 
approximately 110 hairs, which are initially stimulated when their tips get in contact 
with the approximately 120 ventral joint hairs in the areas Me 2 and Me 3 of the 
metatarsus at a joint flexion by an angle  of about 150 deg. At lower angles of joint 
flexion  these about 230 joint hair sensilla deflect each other loosely and reversibly 
coupled by the microtrichs on their hair shafts (Fig. 5) and are stimulated following the 
spider´s stepping pattern. The dorsal sensilla of the Ti 1 of the tibia and Me 1 of the 
metatarsus (Fig. 3) may be stimulated when the leg is stretched to angles around 180 
deg, but no physiological data are available yet for this situation. 
 
Locomotion and micromechanics of hair deflection 
 
Flexion of the tibia-metatarsus joint during locomotion typically leads to a deflection of 
the joint hairs of both the tibia and of the metatarsus by angles of  = 30 deg (Fig. 4). 
The microtrichs on the hair shafts (Fig. 5) enhance the friction between two interacting 
hairs of the two leg segments and ensure fixation during hair deflection by their slight 
interlocking, which is reversed when the joint is extended again. 
 The torque needed to deflect a joint hair in its mechanically preferred 
(proprioreceptive) direction is well below 1 nNm for angles of  ≤ 30 deg. From 30 deg 
≤  ≤ 60 deg the resistance to deflection increases non-linearly. At  > 60 deg the 
torque values rise steeply and reach values of 9 nNm at  = 70 deg (Fig. 7). This steep 
rise is due to the structure of the hair socket. At  = 60 deg the hair shaft is already in 
contact with the socket wall and further deflection leads to its bending, whereas at 
smaller angles the hair shaft behaves like a stiff rod and rotates around the pivot point 
inside the hair suspension (Fig. 6A). 
Interestingly, the hair deflection angle of  = 60 deg coincides with the joint 
angle of  = 100 deg, which is the upper limit of the biological range of joint flexion 
during locomotion. The hair socket structures seem to be well adapted to deal with the 
deflections of the hair shaft actually arising during locomotion. 
The slightly softer suspension of the metatarsal hairs compared to the tibia hairs 
into the proprioreceptive direction likely is a result of the lack of the elevated socket 
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wall at the proprioreceptive side (Fig. 6). Therefore, the shafts of the metatarsal hairs 
get in contact with their socket walls at larger deflection angles than the tibia hairs, 
which is indicated by the lower values of torque (Fig. 7). 
A similar structural arrangement may explain the stiffer hair suspension in the 
not proprioreceptive directions of both the tibia and the metatarsus hairs. In their resting 
position the hair shafts are closer to the socket walls in the not proprioreceptive 
directions, which leads to contact between these structures at smaller deflection angles, 
and results in the larger deflection torques and the earlier rise of the curves shown in 
figure 7. 
Although the exponential dependence of the torque T on the hair deflection 
angle  has not been deeply analyzed, one might argue that the increasing resistance of 
the suspension and the bending of the hair shaft together are the main parameters 
determining this mechanical behaviour. 
 
Proprioreceptors for the flexion velocity of the joint 
 
The proprioreceptive neural response of the joint hair sensilla is limited to the 
deflections into the proprioreceptive direction. No action potentials are generated when 
the hair returns to its resting position. Therefore, the ventral joint hair sensilla monitor 
the flexion of the tibia-metatarsus joint during forward locomotion when the joint 
angles  fall below approximately 150 deg, which is the case in every step of the spider 
(Fig. 2B). The joint hair sensilla are movement detectors and do not respond to 
stationary hair deflection. Whereas the velocity of the hair deflection at stepping 
frequencies as they occur naturally are well resolved by the maximum frequencies of 
the action potentials during one step, the response saturates at deflection frequencies 
exceeding 3 Hz (Fig. 8). Nevertheless, the stepping frequency is resolved as well by the 
bursts of action potentials, which are elicited at the start of the hair deflection every time 
the joint angle  passes approximately 150 degree during flexion. 
 The eight walking legs of Cupiennius are also used in behavioural contexts other 
than locomotion. Flexion of the tibia-metatarsus joints also occurs when the spider is 
manipulating prey, copulating or spinning a cocoon. Most of these movements are slow 
and well below flexion frequencies of 1 Hz, where the velocity is well resolved by the 
sensory response. An exception is the quick grabbing of prey where the velocity is in 




Comparison with other hair-shaped sensilla of Cupiennius salei 
 
Up to date among the many mechanoreceptive hair sensilla of Cupiennius the 
mechanical and physiological properties are known in more detail only for the air flow 
sensing trichobothria and of the long tactile hair sensilla on the tarsi and metatarsi. In 
both cases the properties of the hair suspensions are well adapted to their specific 
sensory functions causing strikingly different movabilities of the hair shaft (Barth, 
2004). 
 The tactile hair sensilla are stimulated by direct contact with solid substrate 
(Albert et al., 2001). Their mechanical directional characteristics are nearly isotropic. 
Compared with the joint hair sensilla their socket wall is higher and lacks an “opening” 
leading to a mechanically preferred direction of hair deflection. The torque of the tactile 
sensilla resisting their deflection rises exponentially to 1 nNm at a deflection angle of  
≈ 7 deg to 5 nNm at  ≈ 15 deg. These torque values are similar to those of the joint 
hair sensilla when they are deflected into other than their proprioreceptive directions. 
When deflected the hair shaft of the tactile hairs is not only bent when it touches the 
socket rim of its cuticular socket, but bends inside the socket at even smaller deflections 
protecting it from breakage (Barth et al. 2004). In the joint hair sensilla bending of the 
hair shaft during proprioreceptive large angle deflections is thought to be minimized by 
the distance of the hair shaft from the hair socket (Fig. 6). 
 The restoring constant S of the tactile hairs amounts to 3×10-8 Nm rad-1 (Albert 
et al. 2001). This value is again well in the range of those found for the joint hair 
sensilla at deflections to other than into the proprioreceptive direction (2.04×10-9 to 
8.02×10-8 Nm rad-1). However, it is larger by one to two orders of magnitude than S of 
the joint hair sensilla when they are deflected in their proprioreceptive direction 
(2.86×10-10 to 1.60×10-9 Nm rad-1). Compared to the suspension stiffness of the air flow 
sensing trichobothria, where the S values are as small as 4.30×10-12 to 6.2×10-11 Nm rad-
1 (Barth et al., 1993; McConney et al., 2009), the resistance of the joint hair sensilla 
even to deflections in the proprioreceptive direction is larger by two orders of 
magnitude. 
The mechanical and structural adaptations of the joint hair sensilla facilitate the 
large angle deflections at every step of the spider during locomotion and minimize 
mechanical stresses on the sensory structures. 
 In the trichobothria the physiological deflection threshold angle generating one 
action potential is in the range of 0.01 deg to 0.1 deg making them excellent sensors for 
slightest movements of the air. With a threshold angle of 1 deg the tactile hairs are well 
suited as detectors for rapid touch events. In the joint hair sensilla the threshold angle of 
about 8 deg is pretty large. It may help to filter out stimuli by movements of the 
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substrate irrelevant for the sensing of the joint´s flexion velocity during the stance phase 
of the spider walking. 
 
Parallel processing of sensory information from different joint receptors 
 
Besides hair sensilla like those described in the present study there are multiterminal 
neurons sensing angular position of spider leg joints with dendrites ending beneath the 
articular membranes (Foelix and Choms, 1979). Among these the receptors at the 
femur-patella joint of the theraphosid Eurypelma hentzi exhibit many tonic units, which 
respond to changes of the joint angle by altering their stationary impulse frequency 
(Rathmayer, 1967). Similar findings are reported for the internal proprioreceptors at the 
tibia-metatarsus joint of the meshweb weaver Amaurobius (=Ciniflo; Mill and Harris, 
1977). 
 In addition to the hair sensilla examined in the present study the tibia-metatarsus 
joint of Cupiennius salei is equipped with four lyriform organs on the tibia responding 
to articular strains generated during locomotion (Blickhan and Barth, 1985) and two 
dorsolateral groups of internal joint receptors (Seyfarth and Pflüger, 1984). The axons 
of their sensory cells go together with those of the joint hair sensilla (Seyfarth and 
Pflüger, 1984), which makes a parallel processing of the information from the three 
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Atomic force microscopy (AFM) and surface force spectroscopy were applied in live spiders to
their joint pad material located distal of the metatarsal lyriform organs, which are highly
sensitive vibration sensors. The surface topography of the material is sufﬁciently smooth to
probe the local nanomechanical properties with nanometre elastic deﬂections. Nanoscale loads
were applied in the proximad direction on the distal joint region simulating the natural stimulus
situation. The force curves obtained indicate the presence of a soft, liquid-like epicuticular layer
(20–40 nm thick) above the padmaterial, which has much higher stiffness. The Youngmodulus
of the pad material is close to 15 MPa at low frequencies, but increases rapidly with increasing
frequencies approximately above 30 Hz to approximately 70 MPa at 112 Hz. The adhesive
forces drop sharply by about 40% in the same frequency range. The strong frequency
dependence of the elastic modulus indicates the viscoelastic nature of the pad material, its glass
transition temperature being close to room temperature (25G2 8C) and, therefore, to its
maximized energy absorption from low-frequency mechanical stimuli. These viscoelastic
properties of the cuticular pad are suggested to be at least partly responsible for the high-pass
characteristics of the vibration sensor’s physiological properties demonstrated earlier.
Keywords: spider; vibration sensor; metatarsal lyriform organ; force spectroscopy;
viscoelastic materials; high-pass characteristics1. INTRODUCTION
Vibrations play an important role in the lives of spiders,
which use them for prey detection, communication
during courtship and other behaviours (Rovner &
Barth 1981; Barth 1985). The key vibration receptor
organ of spiders is the metatarsal organ. It represents a
compound or lyriform slit sense organ and belongs to a
class of sensory receptors, which are embedded in the
spider’s exoskeleton and measure the minute strains
occurring in it due to muscle activity, haemolymph
pressure, vibrations and other types of mechanical
stimuli (Barth 2002). The threshold vibrations necess-
ary to elicit a nervous response of the sensory cells
supplying individual slits in this organ are known to
exhibit pronounced high-pass characteristics, with lowr correspondence (friedrich.g.barth@univie.ac.at;
e.gatech.edu).
rs contributed equally to this work.
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65sensitivity for frequencies approximately below 30 Hz
and steeply increasing threshold sensitivity at higher
frequencies (Barth & Geethabali 1982). Other than this
change in sensitivity, the organs are not tuned to
speciﬁc frequencies within the biologically relevant
range. The dramatic change in sensitivity was found to
be physiologically important for the spider, because it
provides ﬁltering of biologically irrelevant background
noise, and at the same time preserves much higher
sensitivity to biologically relevant vibrations like
vibratory courtship signals and vibrations produced
by prey motion (Barth 2002).
Located at the distal end of the metatarsus, just
distal to the metatarsal lyriform organ, is a pad
cushioning the joint between the tarsus and metatarsus
(ﬁgure 1a–d). This pad is crescent shaped and its cuticle
is approximately 100 mm thick. It is believed that this
pad might be a mechanical source of the physiological
high-pass ﬁltering. Substrate vibrations naturally
received and transmitted by the tarsus are detectedJ. R. Soc. Interface (2007) 4, 1135–1143























Figure 1. (a) Adult female wandering spider, Cupiennius salei. The damping pad examined and the vibration receptor organs
are located on the metatarsus at the joint with the tarsus (red arrows). (b) Deﬂection of tarsus by an angle a exceeding 258
leads to pressure on the pad in front of the vibration receptor. (c) Vibration receptive lyriform organ located between the pad
and the stiff cuticle of the metatarsus. (d ) Sagittal section of the joint, Mallory stained. The pad consists of layers of different
types of cuticle; the blue colour indicates soft, moderately sclerotized cuticle. Slits of the vibration receptor are innervated by
bipolar sensory cells.
1136 Cuticular high-pass ﬁlter in spider M. E. McConney et al.by the slits of the metatarsal lyriform organ when the
proximal end of the tarsus pushes against the distal end
of the metatarsus, which in turn compresses the slits
(ﬁgure 1b). Therefore, this pad seems ideally placed to
mechanically ﬁlter the stimuli to the lyriform organ
through frequency-dependent damping of the mechan-
ical vibrations. The present study is undertaken to
support or reject this hypothesis.
The low forces applied in atomic force microscopy
(AFM) and surface force spectroscopy (SFS) allow
very soft materials to be probed with nanoscale
resolution, while avoiding plastic deformation of the
material (Chen & Vlassak 2001; Kovalev et al. 2004).
There have been several previous studies investigating
viscoelastic properties of polymeric and biological
materials using AFM (Tsui et al. 2000; Bliznyuk
et al. 2002; Kaliappan & Capella 2005, Chaudhuri
et al. 2007). There are several nanoindentation studies
of the mechanics of insect cuticle on the micrometre
scale with forces in the millinewton range (Enders
et al. 2004; Barbakadze et al. 2006). With AFM, the
indentation depths are of the order of tens of
nanometres under nanonewton forces unlike in conven-
tional microindentation with micrometre indentation
depths under micronewton forces. This allows limitingJ. R. Soc. Interface (2007)
6the indentation to the selected surface areas of the
material of interest without contributions from sur-
rounding structures or materials. In addition, the
small size of the AFM probes (nanometres for regular
tips and micrometres for colloidal probes) deﬁnes small
contact areas (diameters of the order of a fraction of a
nanometre or a micrometre) and allows high spatial
resolution when probing the material properties
across the pad.2. MATERIALS AND METHODS
Live adult females of Cupiennius salei (Ctenidae),
which is a large (leg span approx. 10 cm) Central
American wandering spider (Barth 2002), were
immobilized on a solid substrate and ﬁxed to the stage
below the scanning probe. The tarsus of an individual
leg was then deﬂected away from the metatarsus in
order to expose the joint pad for the measurements.
AFM topographical data and force–distance curves
(including SFS) were obtained with a Dimension 3000
microscope (Digital Instruments, Inc.). The AFM
images were obtained using established procedures of
light-tapping mode scans in air with scan rates below
2 Hz and an overall resolution of 512!512 pixels for6
1µm




Figure 2. (a) AFM height image of the pad surface with 100 nm height range. (b) Phase image of the same surface area with 608
phase range. The dome-shaped structures are droplets of epicuticular substances, which are secreted through openings of pore
canals. The arrows point to an individual pore canal opening. (c) Height image of the pad material at high magniﬁcation, 10 nm
height range and (d ) phase image of the same surface area with 308 phase range.
Cuticular high-pass ﬁlter in spider M. E. McConney et al. 1137scans ranging from 1!1 to 30!30 mm (Tsukruk &
Reneker 1995; Tsukruk 1997). For these scans, stan-
dard silicon tips (MikroMasch, NSC11) were used.
The viscoelastic properties of the pad material were
probed by acquiring both force–distance curves and
force–volume maps using 5 mm spherical borosilicate
microsphere probes (Novascan) to reduce local
pressure in the contact area. All loads were applied in
the proximad direction (similar to natural stimulation)
to the distal joint region with the AFM tips approach-
ing and retracting from the pad surface at different
velocities. Spring constants were chosen between 1 and
3.6 N mK1 (Tsukruk et al. 2001). The cantilevers were
calibrated applying the accepted spring on spring
technique and using a manufacturer calibrated refer-
ence tip (MikroMasch) with a spring constant of
4.5 N mK1 (Gibson et al. 1996; Torii et al. 1996).
Force–distance data were collected in air at ambient
temperature and humidity in force–volume mode,
which included consecutive probing of selected surface
areas (16!16 points, number of force–distance
curvesZ256). In this way, multiple force–distance
curves were obtained at each surface location and
different deﬂection thresholds studied in order to
monitor any changes in the material properties due to
plastic deformation by the following AFM scans of the
surface area probed. No irreversible changes in the force
curve shape were observed during the scans and no
indentation marks have been observed after these
probings, thus conﬁrming the non-damaging character
of our measurements. Force–distance curves were then
taken at three to ﬁve locations on each joint pad and the
data averaged over these locations and thus for several
hundred indentations. The frequencies chosen forJ. R. Soc. Interface (2007)
67probing elastic responses (0.1–112 Hz) were limited by
the sampling rates of the AFM scanner and its resonant
frequencies. However, they cover a signiﬁcant part of
the biologically relevant range, including that of the
courtship vibrations (see §3.4; Barth 2002). The pad
penetration amplitudes were limited to 30 nm, which
should not lead to any plastic deformation when
considering the large contact area and the nominal
spring constants used in this study. We checked for the
presence of indentation marks as indicators of plastic
deformation after AFM probing and found none. The
temperature during experiments varied between 22 and
248C only. It was accounted for in the data analysis
(uncertainties in the calculated glass transition
temperature).
Force–volume analysis was employed according to
the established procedures and the measurements
analysed with the MMANALYSIS software developed by
Tsukruk & Gorbunov (2001, 2002). The photodiode
sensitivity was measured by pressing the AFM tip
against a silicon wafer. The positive deﬂection of the
cantilever seen in the force–distance curves was then
converted to indentation depth (penetration) versus
loading force (loading curves) using previously
described approaches, which consider piezo-element
displacement versus tip deﬂection (Chizhik et al. 1998;
Tsukruk et al. 1998). The data were then analysed for
surface stiffness by linear ﬁtting of the slopes. The
elastic modulus was calculated from this data by ﬁtting
the loading curves according to the Hertzian contact
mechanic model, which describes the interactions
between the tip and the sample under the assumption
of elastic deformation, small contact areas and negli-

























1138 Cuticular high-pass ﬁlter in spider M. E. McConney et al.Alternatively, the model of Johnson, Kendall and
Roberts (JKR model; Johnson et al. 1971), which
considers adhesive properties, and Sneddon’s model
(Sneddon 1965), which considers different tip shapes
and the contact areas, were applied to derive the elastic
modulus values. However, the results obtained with
different models were close to each other and for
simplicity we used the results obtained with the
Hertzian model. The adhesive forces were determined
from force–distance curves at the pull-off point.
Inherently, our force–distance measurements reﬂect
the properties of the topmost layers of the pad structure
examined. It is these layers to which we attribute the
mechanical ﬁltering described in the present paper. It
should be noted that during natural stimulation the
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Figure 3. Characteristic force–distance curves obtained for
(a) the pad material and (b) the silicon used for sensitivity
calibrations. The solid lines represent data acquired while the
tip was approaching the surface and have to be read from
right to left according to convention. The dashed lines
represent data acquired while the tip was retracting from
the surface and have to be read from left to right, again
according to convention. Therefore, the start (and end) region
is at the right end of the curve, whereas its left end marks the
point where the probe tip changes direction. Region A,
approaching the sample; region B, contact with the sample;
region C, increasing force applied to the sample; region D,
adhesive forces between the pad and the tip.3. RESULTS AND DISCUSSION
3.1. Surface topography
AFM topographical images conﬁrmed that the surface
of the studied pad was consistently smooth with small
bumps that are generally uniform and have a diameter
of 200–400 nm and a height of 10–30 nm. There are
several larger surface bumps as well (ﬁgure 2a,b). The
phase image shows the same contrast level for both
the surface and the surface bumps, implying that the
bumps have similar composition (Leclere et al. 2000).
The bumps are located above the openings of the pore
canals, through which the topmost lipid layers of the
epicuticle are secreted. Their distribution matches with
that of the pore canals shown in previous transmission
electron microscopy studies of the cuticle of C. salei
(Barth 1969). The mechanical tests were performed so
that the tip contact area would include these surface
features, because they are included (or the substances
smeared in the contact area) as well when the spider’s
tarsus contacts the pad under natural conditions.
The concurrent high-resolution phase image clearly
shows a ﬁne texture of globular aggregates with lateral
dimensions below 100 nm (ﬁgure 2c,d ). The root mean
square (r.m.s.) micro roughness within a 1!1 mm
surface area was calculated to be very low at 0.8 nm.
This value is on a par with molecularly smooth surfaces
with local variations not exceeding two diameters of
molecular backbones and very common for soft,
amorphous polymeric materials with uniform chemical
composition (Tsukruk 1997).3.2. Force–distance curves
Figure 3 shows typical force–distance curves obtained
for the pad material and the same tip probe on a silicon
substrate used as a reference surface. The force–
distance curve taken for the silicon surface was used
to calibrate the sensitivity of the AFM measurements.
This curve shows a very linear shape in the region of
direct contact between the tip and the surface.
A relatively high adhesion (high pull-off forces) is
caused by strong capillary interactions between the
hydrophilic AFM tip and the hydrophilic substrate
under conditions of ambient humidity.J. R. Soc. Interface (2007)
6Unlike in the case of the substrate force–distance
data for the stiff and hydrophilic silicon, a sharp jump-
in event with an extended area of negative tip deﬂection
was consistently observed for the compliant pad surface
(region B; ﬁgure 3). Direct mechanical contact was
followed by a positive deﬂection (region C) and a broad
pull-off region with lower forces (region D). At region A
of the curve, the probe is approaching the surface and
any attractive forces between the surface and the tip
are negligible when compared with the cantilever
stiffness thus generating a zero-deﬂection response. In
region B, we see the expected quick jump into contact,
followed by a less expected shallow deﬂection of the
cantilever towards the surface, an unusual phenomenon
for clean elastic surfaces. This behaviour is indicative of
the tip passing through an extremely compliant viscous
material that is not slowing its deﬂection towards the
surface, but also generates attractive forces caused by
the wetting of the glass probe with the topmost viscous
layer (capillary phenomenon). Moreover, its presence is
shown on the curve for probe retraction, where instead
of a sharp pull-off event, a gradual decrease of adhesive
forces is observed, which corresponds to the typical
capillary behaviour (region D).
As the AFM probe is withdrawn from the surface,
the attractive forces between the probe and the
indented surface are overcome by the stiffness of the
cantilever and the probe begins to return to its zero-


























Figure 4. Typical distribution of values for surface stiffness (a) and Young’s modulus (b) for the same pad at 13.9 Hz loading
frequency derived from force–volume data taken in a 16!16 array of 1 mm!1 mm (NZ1, nZ256).
Cuticular high-pass ﬁlter in spider M. E. McConney et al. 1139followed by a small sharp ‘snap from’ region (ﬁgure 3).
Again, this indicates that the tip is passing through a
viscous material and the long-range capillary forces are
involved causing gradual thinning of the viscous
meniscus before ﬁnal rupture. The thickness of this
surface viscous layer can be estimated from the tip
deﬂection to be within 20–40 nm for different locations
and probe frequencies. The appearance of such a
viscous surface layer can be directly related to the
presence of the oriented lipid layers, which lie above the
cuticulin layer and the dense layer of the epicuticle of
C. salei (Barth 1969). Our data suggest that this
topmost viscous layer seen in the force curves is directly
related to the bumps seen in ﬁgure 1a, which could be
related to lipid droplets. The bump height is approxi-
mately the same as the thickness of the layer indicated
by the force curves. Furthermore, there is nothing in
region C of the force–distance curves which would
indicate that the change in the contact area of the tip
with its penetration into the pad is abnormal. In other
words, the loading region of the force–distance curves
indicates a smooth and ﬂat surface thus pointing to the
squeezing of bumps from the contact area during
compression. The unexpected behaviour in region B of
the force–distance curve, on the other hand, can be fully
explained by the presence of the surface bumps.
At the positive slope of the force–distance curves
(region C of ﬁgure 3, which has to be read from right to
left), the tip has made contact with a stiffer elastic
material with a measurable resistance to compression.
The tip is deﬂected upwards as the probe pushes into
the surface. This is the deformation region of the force
curve, which reﬂects both tip deﬂection and surface
deformation and can be used to analyse the elastic
behaviour of the material probed.3.3. Young’s modulus
As mentioned earlier, the force curves indicated that
there was signiﬁcant wetting and adhesion between the
tip and pad surface. In such a situation, the Hertzian
approximation would tend to underestimate the con-
tact radius, thereby leading to a slightly higher elastic
modulus than is the case (usually between 5 and 10%J. R. Soc. Interface (2007)
69for elastic materials with modest adhesion; Chizhik
et al. 1998). Generally, a better choice to calculate the
elastic modulus of such a material would be the JKR
model, which assumes high adhesion (Johnson 1985).
As will be discussed later, the adhesion decreased
signiﬁcantly with increased frequencies. This means
that when using the JKR model, the change in increase
in modulus due to material properties would be slightly
exaggerated, whereas using the Hertzian model will
slightly underestimate the change in modulus with
frequency. Although there was signiﬁcant adhesion
with several of the lower frequency measurements,
using the JKR method leads to a more conservative
estimation of the material’s mechanical ﬁltering abil-
ities. Our estimation showed that for larger elastic
deformations, the results obtained from both models (as
well as from Sneddon’s model) converge, the difference
being insigniﬁcant for the purpose of this study. Thus,
for the sake of clarity and consistency, we applied the
Hertzian model to analyse all our data. To this end, we
analysed the shapes of the loading curves and ﬁtted
them correspondingly for penetrations not usually
exceeding 20–30 nm for loading forces below 200 nN.
Thirty nanometres of displacement of the pad’s dorsal
edge corresponds to a change of the angle between
metatarsus and tarsus of the spider leg by 0.0078 and a
displacement of the tarsus tip by about 0.4 mm (Gingl
et al. 2006). This value represents the sensory threshold
of individual slits of the metatarsal organ for substrate
vibrations at 70 Hz (slit 6) up to 170 Hz (slit 7; Barth &
Geethabali 1982).
Figure 4a shows a representative histogram of the
surface stiffness data obtained at 13.9 Hz and calcu-
lated as the overall slope of the force–distance curve in
the direct physical contact regime in linear approxi-
mation. The surface stiffness of the pad material at
moderate probing frequencies of 13.9 Hz was about
18 N mK1 with a distribution in between the range of
rubbery and glassy macromolecules (LeMieux et al.
2005). The distribution of values of the elastic modulus
received for 16!16Z256 overlapping locations of a
1 mm2 area for each spider was very uniform (ﬁgure 4b).
The loading curves (penetration versus loading force)































































Figure 5. (a) Force–distance curves at different probing frequencies; solid lines, approach data; dotted lines, data for the
retraction of the probe; the hystereses seen are discussed in the text. (b) Loading curves obtained at different frequencies for the
pad surface at the same location. The horizontally oriented grey planes are drawn at the maximum penetration at 4 Hz loading
frequency and the maximum penetration at 112 Hz loading frequency, respectively.
1140 Cuticular high-pass ﬁlter in spider M. E. McConney et al.locations with indentation depths of up to 30–35 nm for
loading forces below 200 nN. The value of the elastic
modulus for these indentation depths is within a range
common for compliant elastic macromolecular
materials with low cross-linking density and above
the glass transition temperature.1 The relatively
narrow distribution of the surface stiffness (s.d. within
G5% in most cases) indicated a very uniform elastic
response of the pad materials under the probed
conditions and with the contact area between the
probe and the surface below 0.2 mm2.3.4. Frequency dependence
Finally, we analysed the mechanical response of the pad
surface at different probing frequencies ranging from
0.1 to 112 Hz (the frequency being limited by thermal
drifts and piezo-element resonances), corresponding to
a tip velocity from very slow (50 nm sK1) to modest
(25 mm sK1). Figure 5a shows the characteristic force–
distance curves obtained at different frequencies and
their corresponding loading curves (ﬁgure 5b). At
frequencies below 30 Hz, the force curves obtained
have the characteristic shape discussed above with
little variance. However, at higher frequencies, this
shape changes signiﬁcantly due to the change of the
overall slope. The hysteresis between the approach and
retraction curves observed at relatively high probing
frequencies is a common AFM artefact. However, it
does not signiﬁcantly affect the measured values
derived from the slope of the curve received during
intimate contact. Examination of this hysteresis on
silicon samples showed that the slope of the force–
distance curves changed by less than 5% for this1Viscoelastic materials simultaneously exhibit a combination of
elastic and viscous behaviour. In polymers the transition that
separates the glassy state from the viscous state is known as the
glass–rubber transition. In the range of this glass transition the
stiffness of a polymer typically drops by a factor of about 1000 with a
rise of temperature of 20 to 308C (Sperling 2006).
J. R. Soc. Interface (2007)
7frequency range. This is insigniﬁcant when compared
with the change of the slope for the pad material itself
we observed here. Therefore, the frequency-dependent
elastic behaviour is a feature typical of the biological
material examined.
Force–distance curves measured at frequencies lower
than 10 Hz consistently resulted in values of Young’s
modulus between 10 and 20 MPa for the pad surfaces of
ﬁve spiders probed at various locations (ﬁgure 6a).
There was some variance in this value between different
specimens; however, the modulus at each spot on the
pad varied insigniﬁcantly between 0.1 and 10 Hz and all
values calculated fell within 15G5 MPa for all varieties
of conditions tested. However, above 10 Hz, the value
for Young’s modulus gradually increased up to 70 MPa
for the highest frequencies with a dramatic increase
occurring at approximately 30 Hz and higher. Interest-
ingly, the adhesive forces which were very high at low
frequency, dropped signiﬁcantly by approximately 40%
in the same frequency range. This conﬁrms the trend
towards a more apparently resistant surface, which
effectively decreases the contribution of the tip wetting
for short contact times (ﬁgure 6c).
The frequency dependence observed here is attrib-
uted to the viscoelastic behaviour of the pad material
caused by the time-dependent relaxation of the
macromolecular materials in the vicinity of the glass
transition (Sperling 1997). In fact, very similar fre-
quency dependencies have been observed for elasto-
meric materials and were related to the lowered glass
transition temperature of the surface caused by the
presence of the swollen topmost surface layer (Tsukruk
et al. 2000). Applying a similar approach allows one to
use the time–temperature superposition principle by
applying the Williams–Landel–Ferry (WLF) equation
(after Sperling 2006) for the evaluation of the glass
transition temperature of the pad material. The
modulus data at various frequencies were ﬁt using the
universal WLF constantsC1 andC2 as 17.44 and 51.6 as





































































Figure 6. (a) Frequency dependence of Young’s modulus
(ﬁlled symbols) and of sensory thresholds of slit 7 of the
metatarsal lyriform organ (open circles). The different
datasets of Young’s modulus are from three locations on
joint pads of two spiders. Each data point represents 10–15
force–distance curves. Sensory threshold curve adapted from
Barth &Geethabali (1982; nZ16). (b) SEMmicrograph of the
metatarsal organ of C. salei (picture by R. Mu¨llan). The
arrow points to slit 7. (c) Adhesive forces measured at
different loading frequencies at one location of a joint pad.
Cuticular high-pass ﬁlter in spider M. E. McConney et al. 1141and applied here to the cuticular matrix. By using this
approach, we estimated the glass transition tempera-
ture of the joint pad material to be 25G28C, which is
very close to the room temperature prevailing during
our experiments (22–248C).J. R. Soc. Interface (2007)
71Thus, the change of the elastic modulus with shorter
contact times follows common trends well known for
viscoelastic macromolecular materials in the vicinity of
the glass transition temperature (Sperling 1997). Upon
elastic deformation of any material, some of the energy
is stored and some of it is lost in the form of heat, or
essentially absorbed. The storage modulus is a measure
of the amount of energy stored upon deformation,
whereas the loss modulus is a measure of the amount of
energy released as heat upon deformation. The ratio of
energy absorbed to energy stored reaches a maximum
right in the vicinity of the glass transition region, which
constitutes a viscoelastic damping phenomenon. When
the temperature of a material goes below the glass
transition temperature or the deformation rate
becomes faster than the polymer’s relaxation time,
the elastic modulus dramatically increases. Therefore,
materials with a glass transition temperature near the
intended operating conditions, such as the spider’s pad
in the vicinity of room temperature, make very good
energy absorbing materials with maximum energy
dissipation at low frequencies (Sperling 1997).
Importantly, the frequency dependence of the elastic
response observed here for the pad material is opposite
to the frequency dependence of the sensory threshold
reported previously for the metatarsal lyriform organ
(Barth & Geethabali 1982; ﬁgure 6a,b). The deﬂection
of the tarsus needed to elicit a nervous response (action
potential) measured approximately between 100 and
10 mm at vibration frequencies up to 40 Hz and dropped
steeply to values as low as 0.01–0.001 mm at 1 kHz
(Barth 1998). The frequencies of wind-induced
vibrations of the leaves of the dwelling plants of
C. salei are signiﬁcantly lower than 30 Hz. On banana
plants and bromeliads, they do not exceed 7 Hz (Barth
et al. 1988a). However, for higher frequencies of
mechanical perturbations, such as prey-generated
substrate vibrations or the vibratory signals of a sexual
partner, the viscoelastic pad material partially loses its
viscous nature effectively becoming stiffer, and thus
transmitting external mechanical stimuli with higher
efﬁciency (low dissipation). Vibrations of the dwelling
plants of C. salei induced by prey, like a crawling
cockroach, have a broad frequency spectrum containing
frequencies higher than 200 Hz. Male abdominal court-
ship vibrations peak at approximately 75 Hz, whereas
male drumming and scratching on the leaf results in
vibrations of 250 Hz and higher. The dominant
frequency of the female courtship vibration answering
male signals is about 30 Hz (Barth 1998, 2002).
The average daily temperatures in the habitats of
C. salei in Central America are around 208C, with
frequent daily maxima above 308C all the year round
(Barth et al. 1988b). During the day, when the ambient
temperature is high, the spiders rest hidden in their
retreats on the dwelling plants. Their hunting activity
starts after sunset when the temperature is moderate,
but well in the region of the glass transition tempera-
ture of the metatarsal pad. Owing to the lowered
temperature at night the pad should be stiffer, and the
metatarsal vibration receptive organ more sensitive to
vibrations than during the rest period of the spider.
1142 Cuticular high-pass ﬁlter in spider M. E. McConney et al.The mechanical ﬁlter properties described in this
study will be useful by keeping the low frequencies
(typical of biologically irrelevant stimuli) out of the
nervous system, thereby enhancing the signal-to-noise
ratio as was already argued in regard to the electro-
physiologically determined threshold curves (review in
Barth 2002). The mechanical ﬁlter does not exclude
additional physiological ﬁlters whose presence follows
from the transfer functions determined for the cells of
other slit sense organs (Bohnenberger 1981; French
et al. 2001).4. CONCLUSIONS
Spiders strongly rely on substrate vibrations for the
guidance of prey capture, predator avoidance and
mating behaviour. These signals must be separated
from the environmental noise. The most important
vibration receptor organ in spiders is the metatarsal
lyriform organ, which is relatively insensitive at
frequencies below 30 Hz, but increasingly sensitive at
higher frequencies. When deﬂected by vibrations, the
tarsus ﬁrst transmits the stimulus to a soft material
pad, which in turn passes it on to the metatarsal
vibration sensor immediately behind it. The pad
material was found to be highly viscoelastic with its
highest compliance and high energy dissipation at
frequencies below 30 Hz. At frequencies above 30 Hz,
the pad material quickly becomes stiffer, which allows
better transmission of vibrations to the metatarsal
lyriform organ. The temperature of the pad material
was found to be near glass transition, where the energy
absorption is maximized. However, if the deformation
time is relatively short, the vibration frequency is
relatively high, or the temperature is well below the
glass transition temperature, the pad material
becomes stiffer. Under these conditions, the effective
Young’s modulus will increase and mechanical losses
will go down tremendously. These properties of the
pad material make it an ideal high-pass ﬁlter, which
ﬁlters out environmental noise and makes the
frequency range of vibrations relevant for the spider
most effective.
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The micromechanical properties of spider air ﬂow hair sensilla (trichobothria) were
characterized with nanometre resolution using surface force spectroscopy (SFS) under
conditions of different constant deﬂection angular velocities _q (rad sK1) for hairs 900–950 mm
long prior to shortening for measurement purposes. In the range of angular velocities examined
(4!10K4K2.6!10K1 rad sK1), the torque T (Nm) resisting hair motion and its time rate of
change _T (Nm sK1) were found to vary with deﬂection velocity according to power functions.
In this range of angular velocities, the motion of the hair is most accurately captured by a three-
parameter solid model, which numerically describes the properties of the hair suspension. A ﬁt
of the three-parameter model (3p) to the experimental data yielded the two torsional
restoring parameters, S3pZ2.91!10
K11 Nm radK1 and S 03pZ2.77!10
K11 Nm radK1 and the
damping parameter R3pZ1.46!10
K12 Nm s radK1. For angular velocities larger than
0.05 rad sK1, which are common under natural conditions, a more accurate angularmomentum
equation was found to be given by a two-parameter Kelvin solid model. For this case, the
multiple regression ﬁt yielded S2pZ4.89!10
K11 Nm radK1 andR2pZ2.83!10
K14 Nm s radK1
for the model parameters. While the two-parameter model has been used extensively in earlier
work primarily at high hair angular velocities, to correctly capture the motion of the hair at
both low and high angular velocities it is necessary to employ the three-parameter model. It is
suggested that the viscoelastic mechanical properties of the hair suspension work to promote
the phasic response behaviour of the sensilla.
Keywords: trichobothria; spider; arthropod medium ﬂow sensilla; atomic force microscope;
force spectroscopy1. INTRODUCTION
Trichobothria are wind-sensing hair-like sensilla on the
legs and pedipalps of spiders capable of absorbing the
energy of air ﬂowing around them with outstanding
efﬁciency (for reviews see Barth 2000; Barth 2002;
Humphrey & Barth 2008). They serve the spider to
detect and localize prey and predators. The measure-
ments reported to date on spider trichobothria have been
used in physical–mathematical models describing
mechanical hair behaviour for oscillating air ﬂows in ther correspondence (friedrich.g.barth@univie.ac.at,
e.gatch.edu).
rs contributed equally to this work.
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ovember 2008 681
76biologically relevant frequency range between 10 and
950 Hz. In earlier studies, the frequency dependence of
hair deﬂection was explained considering factors, such as
the relationship of hair morphology with boundary-layer
thickness and inertial effects. Both the hair suspension
torsional restoring constant S and the damping constant
Rwere calculated to be extremely small, being SZ5.77!
10K12 Nm radK1, and RZ2.20!10K15 Nm s radK1 for a
750 mm long hair, and SZ0.62!10K12 Nm radK1 and
RZ0.27!10K15 Nm s radK1 for a 250 mm long hair
(Barth et al. 1993).
To date, trichobothria have been modelled using the
data acquired by conventional optical microscopy,
scanning electron microscopy and laser Dopplerdoi:10.1098/rsif.2008.0463
–
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1 cm 100 µm
(a) (b)
Figure 1. The spider and its trichobothria. (a) An adult female
Cupiennius salei. The yellow arrows point to the leg segments
carrying trichobothria. The red arrows point to the tarsi of the
ﬁrst walking legs whose trichobothria were examined in this
study. (b) Three trichobothria in a row on the dorsal side of
the ﬁrst walking leg tarsus.
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The mechanical hair behaviour was modelled using
ﬂuid mechanics to predict the amount of mechanical
energy transferred from the air ﬂow to the hair (Barth
et al. 1993; Humphrey et al. 1993, 1998, 2001, 2003;
Devarakonda et al. 1996; Humphrey & Barth 2008).
These considerations quantitatively described the air–
hair phase relationship, which allows the torsional
restoring force of the hair suspension to be calculated
under various assumptions related to the air–hair
interactions. From the minimum deﬂection (measured
with the optical microscope) that elicits an action
potential combined with the estimates of the torsional
restoring constant S, the minimum mechanical energy
that effectively elicits a nervous response was estimated
to be between 1.5!10K19 and 2.5!10K20 J (Humphrey
et al. 2003). These are extremely small values indicat-
ing that trichobothria are among the most sensitive
biological receptors.
In the present study, the mechanical properties of
the trichobothrium suspension and of the hair shaft
proper are measured directly. Mechanical stimuli were
applied in different spatial and temporal regimes for
both the small nanoscale deﬂections and the larger
microscale deﬂections, and for a wide range of angular
deﬂection velocities ranging from 0.0004 to 0.26 rad sK1
at triangular wave frequencies ranging from 0.07 to
102 Hz (calculated as the reciprocal value of the
duration of the triangular displacement). Moreover,
this study is conducted with particularly high experi-
mental precision (fraction of nanometre) by using
surface force spectroscopy (SFS) and the application
of directly calibrated forces in the range of
nano-Newtons. SFS provides a force spectrum with
pico-Newton precision, nano-Newton applied forces
and nanoscale deﬂections (Tsukruk et al. 2000). SFS
has already been proven to be an invaluable tool for
studying biological receptors and the structures associ-
ated with them (Fuchigami et al. 2001; Gorbunov et al.
2002; McConney et al. 2007; Peleshanko et al. 2007).
Here, we report on a methodology that combines
representing the suspension of a trichobothrium as a
linear viscoelastic material with direct measurements
to determine the values of the three-parameter and
two-parameter viscoelastic models explored. These are
the torsional restoring constants, S3p and S
0
3p, and the
damping constant R3p, and the torsional restoring
constant S2p and the damping constant R2p, inherent to
the trichobothrium suspension represented by the
spring and the dashpot elements of the models.
The angles and velocities of the trichobothrium deﬂec-
tions measured are within the range relevant for the
spider to distinguish air ﬂow stimuli originating from
prey, mates and predators from its noisy environment.2. MATERIALS AND METHODS
2.1. Sample preparation
Live adult female Cupiennius salei (Ctenidae; ﬁgure 1a)
spiders from the Vienna laboratory stock were anaes-
thetized with a CO2/air mixture for 5 min and then
attached to a Perspex substrate using adhesive tapeJ. R. Soc.  (2009)Interface
7(3M Micropore), such that the metatarsus and tarsus of
one of their ﬁrst legs protruded beyond the substrate.
Trichobothria on the tarsus of the ﬁrst walking leg
were identiﬁed optically (TaD group; for details of
trichobothria topography see Barth et al. 1993) and
other hairs in their vicinity removed (ﬁgure 1b).
Particularly, two to four of the most distal trichobothria
in the most frontal row on the tarsus were prepared in
this way. For technical reasons the tarsus was secured on
a metal sample mounting disc, so that the long axes of
the trichobothria were oriented horizontally. To avoid
mechanical interference with the atomic force
microscope’s (AFM) cantilever and to minimize air
drag forces, the trichobothria were cut to lengths of
approximately 100 mm and less using microscissors. The
lengths of the trichobothria were measured using an
optical microscope (Leica DM4000M) before and after
the cutting procedure. A piece of silicon wafer cleaned
with ‘piranha solution’ (1 : 2 hydrogen peroxide : sul-
phuric acid) was mounted beside the spider’s tarsus on
the metal disc. This was done to calibrate the sensitivity
of the photodetector that measures the cantilever
deﬂection used in SFS experiments. This is explained
in detail in §2.2. Following the SFS measurements, the
tarsus together with the trichobothrium tested was
examined in a scanning electron microscope (JEOL
JSM-6060V) for changes in the hair’s surface structure
owing to the interaction with the AFM cantilever probe.2.2. SFS: hair deﬂection measurements
All AFM and SFS measurements were performed using
a Multimode, Nanoscope IIIa microscope with a
Picoforce module and a Dimension 3000, Nanoscope
IIIa microscope in accordance with well-established
procedures (Cappella & Dietler 1999; LeMieux et al.
2003, Kovalev et al. 2004).
The AFM was warmed up by actuating the piezo
elements for at least 30 min before the measurements
began in order to prevent piezo thermal drift. The
quadrant photodiode, which measured the deﬂection of
the AFM cantilever, was calibrated by relating the
distance of the cantilever tip deﬂection and the change7
3 µm 10 µm500 nm 15 kV ×1500 50 SEI12
AFM cantilever
(a) (b) (c)
Figure 2. Hair shaft morphology. (a) SEM micrograph of the tip of a trichobothrium; note the hairs-on-hair morphology
(microtrichs). (b) High-resolution AFM image of a single microtrich (z -range, 100 nm). Note that several striations make up a
single microtrich. (c) SEM micrograph of a trichobothrium with partially removed microtrichs in the area close to the cantilever
tip. Note the bald spot where the microtrichs were rubbed off by the cantilever tip (nanoshaving).
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To calibrate the sensitivity of the photodiode, force
curves were determined on a clean piece of silicon.
A simple equation was used, PCDZPM, which relates
the sum of the cantilever tip penetration into the
substrate P and its deﬂection D to the movement of the
piezo element PM. The freshly cleaned silicon was
considered as an inﬁnitely hard surface. Thus, the
cantilever tip penetrated into the silicon by a negligible
amount (PZ0), and the piezo movement equalled the
deﬂection of the cantilever tip (PMZD). The voltage
change in the photodiode was due to the same amount
of deﬂection of the cantilever as the movement of the
piezo element. Therefore, the photodiode was
calibrated by setting the slope of the force–distance
curve on silicon to 1. The photodiode was calibrated
every time a new cantilever was used.
For the measurements, silicon cantilevers back-side
coated with aluminium and with silicon nitride tips
(nanometre-scale radius of cantilever tip end curvature)
were used. Initially, microsphere-tipped probes seemed
the most appropriate to prevent penetration into the
hair surface, but owing to the large surface contact
area adhesion of the hair to the microsphere
persisted between two measurement cycles. The loss of
contact between the two measurements provided a
reference point when quantifying the total deﬂection of
the hair during a measurement. The spring constants
of the AFM cantilevers were calibrated using
the standard ‘tip-on-tip’ method, as well as the
thermal tuning method for softer cantilevers (Hutter &
Bechhoefer 1993a,b; Gibson et al. 1996; Hazel & Tsukruk
1998, 1999).
For all measurements, the trichobothria were loaded
by deﬂecting them in a triangular way at a constant
angular velocity, with a predetermined repeat frequency
and perpendicular to the long axis of the hair shaft. The
hair shaft was deﬂected towards the posterior aspect of
the tarsus. In oscillating air, the mechanical directional
characteristics of hair deﬂection are nearly isotropic for
the hairs examined here, with only a slight preference
for the anterior–posterior plane (large to medium-sized
hairs; Barth et al. 1993).J. R. Soc.  (2009)Interface
78The trichobothria and the AFM cantilever were
positioned under optical control (ﬁbre optics, magni-
ﬁcation by objective lens (!50) with large working
distance, observation on video monitor). The metal
disc, with the sample and the silicon, was placed onto
the magnetic sample holder so that the long axis of the
hair and the cantilever were in parallel. The micro-
positioning stage of the AFM was used to position the
cantilever with respect to the hair. Then, the tip
position was ﬁne adjusted to land in the centre of the
hair. This was achieved by adjusting the offset of the
horizontal plane piezo elements of the AFM to
minimize the torsional deﬂection of the cantilever
(monitored with the quadrant photodiode). The tor-
sional motion was caused by a twisting motion of the
cantilever when it contacted the hair not on its centre.
All hairs (of 910, 923, 950 mm length before cutting)
were initially loaded using soft AFM cantilevers (spring
constants between 0.018 and 0.045 N mK1) to limit the
forces applied to several nano-Newtons and to keep
deﬂections below 100 nm. However, after the initial
engagement, the force–distance curves showed signi-
ﬁcant instabilities caused by interactions between the
AFM cantilever tip and the microtrichs on the main
hair shaft (ﬁgure 2a,b). Repetition of the loading
with the AFM cantilever tip at 1 Hz effectively micro-
shaved the hair shaft owing to the cantilever’s slight
horizontal displacements relative to the hair shaft,
making the selected surface areas smooth and accep-
table for stable engagement of the AFM cantilever tip
(ﬁgure 2c). Because this horizontal displacement of the
AFM cantilever (which can change the effective
distance to the pivotal point and thus the resistance
forces measured) was very small, it did not affect the
calculations. Indeed, for hair deﬂection angles below
0.18 for high-resolution measurements, and below 128
for large deﬂection measurements, the corresponding
correction factor was estimated to fall within 1–10
per cent. All critical experimental conditions are
summarized in table 1. The cantilever force–distance
curves were converted to hair loading curves (hair
deﬂection versus normal load) by taking into account
the preceding cantilever calibration. The contact point
Table 1. Experimental conditions for SFS measurements.
testing variables length, La (mm)
AFM cantilever
stiffness (N mK1) ramp sizeb (nm) velocity (mm sK1) triggerc (nm)
small forces (!10 nN) 20–50 0.018–0.045 3000–5000 0.05–41.9 10–150
large forces (O500 nN) 21–62 8.9 5000–20 000 5–20 60–none
a The position of the cantilever on the hair is essential for the calculation of the torque.
b Ramp size is the maximum distance that the sample can travel vertically when a single force–distance curve is measured.
Ramp sizes had to be very large to ensure that the cantilever loses contact with the hair between measurements.












Figure 3. Hair parameters used for the calculations. The
diagram deﬁnes the geometrical variables for the two regimes
investigated: hair pivoting (deﬂection only) D and bending B,
and the corresponding cantilever deﬂections CD and CB.
L denotes the distance of the AFM cantilever tip from the
pivotal point and q, the deﬂection angle. The torsional
restoring element S is represented by a spring, and the
damping element R by a dashpot.
S2p(a)
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well-established approach given in Tsukruk et al.
(1998). Speciﬁcally, we used the minimum deﬂection
point of the approach curve, where the cantilever ‘snaps
into’ the surface of the hair.
After performing the high-resolution SFS measure-
ments within the limited range of deﬂections and forces,
the soft AFM cantilever (spring constant less than or
equal to 0.045 N mK1) was replaced with a stiffer
cantilever that had a spring constant of 8.9 N mK1.
The stiff cantilever allowed for loading forces exceeding
0.5 mN and led to hair deﬂections from 1 nm to 10 mm.
The measurements done with large hair deﬂections and
the shaft-bending measurements were performed with
and without a deﬂection trigger point (which is the
maximum cantilever deﬂection before the displacement
of the piezo element changes direction) to achieve the
widest possible ranges of deﬂections and bending,
respectively (ﬁgure 3; table 1).
For the theoretical considerations in the following
paragraph, it is important to state that each force
measurement curve was obtained at a constant angular
velocity ( _q ), and thus zero angular acceleration (€q ).(b)
R2p
S3p
S 3p R3p2.3. Theoretical basis for the determination of
the viscoelastic model parameters
In this section, we obtain two equations for the angular
momentum of a trichobothrium. One, based on a
three-parameter solid model for the viscoelastic hair
suspension, will be shown to apply over the entire
range of angular velocities explored (4!10K4! _q!
2.6!10K1 rad sK1). The other, based on a two-
parameter Kelvin solid model, will be shown to predict
the motion of a hair with much better accuracy for
angular velocities _qO0.05 rad sK1, which is in the most
biologically relevant range. For ease of presentation, we
describe the two-parameter model ﬁrst.Figure 4. ‘Spring’ and ‘dashpot’ representations of (a) the
two-parameter (2p) and (b) the three-parameter (3p)
viscoelastic models representing the trichobothrium sus-
pension material. In (a) the spring constant S2p and the
dashpot constant R2p refer to the two-parameter model
constants. In (b) the two spring constants S3p and S
0
3p,
and the dashpot constant R3p refer to the three-parameter
model constants.2.3.1. Two-parameter Kelvin solid model. In this
approach, the suspension supporting the hair is
approximated as a two-parameter Kelvin solid
model consisting of a spring and a dashpot element
connected in parallel (ﬁgure 4a). The hair is assumed
to behave as a simple forced damped harmonic
oscillator for which the conservation of angular
momentum is given by
I €q CR2p _q CS2pqZT ; ð2:1ÞJ. R. Soc.  (2009)Interface
7where I (Nm s2 radK1) is the hair’s moment of inertia;
R2p (Nm s rad
K1) is the hair’s damping constant; S2p
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Figure 5. Hair shaving. (a) A force–distance curve obtained before the hair was shaved. (b) A force–distance curve obtained after
removal of the microtrichs. The velocity of the piezo movement was 5.58 mm sK1. Note the signiﬁcant improvement in the data
quality compared to that in (a). The approach curves (black) in (a,b) should be read from right to left, and the retraction curves
(grey) from left to right.
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(rad sK1) and €q (rad sK2) are the hair’s deﬂection angle,
angular velocity and angular acceleration, respectively.
The subscript notation ‘2p’ denotes ‘two-parameter’
model. Using this model, we show in appendix A that the
torque terms associated with air friction and air added
mass are negligible relative to the torque TSFS imposed
by the mechanical probe. The smallness of these effects is
further conﬁrmed by the fact that the loading curves
showed no nonlinearities that could be due to these two
medium-related forces.
Each experiment was conducted at a predetermined
constant angular velocity _q , and as a consequence,
equation (2.1) simpliﬁes to
R2p _q CS2pqZTSFS: ð2:2Þ
Using the experimentally determined data for _q
and TSFS at a ﬁxed angle q, a multiple linear regression
was performed using equation (2.2) to determine the
model parameters.2.3.2. Three-parameter solid model. The inability of the
two-parameter model to correctly capture the variation
of the hair’s torque over the full range of angular
velocities prompted us to explore a three-parameter
solid model consisting of a spring element in parallel
with a spring and a dashpot element in series
(ﬁgure 4b). This type of linear viscoelastic model is
documented in Flu¨gge (1967), Fung (1993) and
Fuchigami et al. (2001) for example, and the corre-
sponding angular momentum equation for a trichobo-
thrium is given by








In this case, the model parameters are the damping
constant R3p (Nm s rad
K1) and two torsional restoring
constants, S3p (Nm rad
K1) and S 03p (Nm rad
K1). Here,
the subscript notation ‘3p’ stands for ‘three-parameter’,
and was chosen to distinguish from the 2p of the two-
parameter model. The quantity _TZðdT=dtÞ is the
time rate of change of the torque. This is estimated from
the relation _T yðTtot _q=qtotÞ, where _q and qtot are,J. R. Soc.  (2009)Interface
80respectively, the angular velocity and the total angular
deﬂection of a hair during a measurement; Ttot(ZTSFS)
being the corresponding experimentally determined
torque for these conditions. As mentioned above, for
the conditions of this study, _q is ﬁxed to different but







_T SFS: ð2:4ÞAgain, as in the two-parameter model, a multiple
linear regression analysis was performed on the
experimental data using equation (2.4) to determine
the model parameters.2.4. Testing methodology: nanoshaving
All SFS measurements were done with live animals.
The micro-hairy surface (microtrichs) on the shaft of
the trichobothrium added a signiﬁcant challenge
(ﬁgure 2). As mentioned above, the hairs-on-hair
morphology initially prevented the acquisition of stable
force–distance curves appropriate for further analysis.
After taking many force–distance curves, their quality
improved signiﬁcantly as a result of nanoshaving. The
linear region of the extension curves after engagement
of the cantilever tip had identical slopes before and
after this routine indicating that the fundamental hair
resistance did not change (ﬁgure 5a,b).
For the experimental conditions of most of the SFS
measurements on shaved hairs, we recorded very steady
hair deﬂection, completely controlled by linear dis-
placement of the piezoelectric crystal with random
deviations smaller than 0.2 nm. No detectable thermal
vibrations were recorded in the range of forces and
distances examined, indicating signiﬁcant viscous
damping of the thermal vibrations and any other
random deﬂections associated with environmental
noise present in the laboratory. Moreover, no indi-
cations of large-scale displacements, associated with
macroscopic movements, were recorded, indicating
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Figure 6. (a) SEM micrograph depicting the three regimes that characterize the large-scale load curves shown in ﬁgure 7a.
(b) Positions of the trichobothrium in its zero (resting) position (triangles) and positions of ﬁrst contact of the hair shaft with the
socket rim (circles) with lines ﬁt to the data. The origin of the curve represents the position of the hair suspension (NZ1, nZ30)
(N, number of trichobothria; n, number of measurements).
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axis of rotation
In order to measure the torque to deﬂect the trichobo-
thrium, the distance L, from its pivoting axis O, to the
region where the AFM cantilever tip contacted the hair
shaft was required (ﬁgure 3). Precise values were
obtained by making force–distance measurements at
varying points along the hair shaft. From the zero
position, the hair was deﬂected until its shaft contacted
the socket at the limiting angle q, and ﬁnally was bent
slightly (ﬁgures 3 and 6a). The angle between the hair
in its zero position and when touching the socket was
used to identify the axis of rotation O. When the
cantilever tip was moved towards or away from the hair
suspension, the triangle described by the motion of the
pivoting lever arm of length L changed area, but not
angles. By changing the distance of the measurement
location from the pivoting axis, the two lines represent-
ing the surface of the hair shaft at rest and at fully
deﬂected states, respectively, were mapped out
(ﬁgure 6b). The intersection of the two lines represents
the location of the pivoting axis. The error regarding
the distance from the AFM cantilever tip to the hair
pivoting axis was estimated by taking the error of
optical microscopy to be less than G1 mm for most of
the SFS measurements conducted here.
Once the location of the pivoting axis was obtained,
calculating the torque T, resisting hair deﬂection
became unambiguous. The length of the hair shaft
between the outer edge of the socket and the pivoting
axis located at the suspension membrane was 12G
1 mm. These data are in good agreement with previous
results, where the length of the hair shaft inside the
socket was determined morphologically to be 10–15 mm
for large trichobothria (Barth et al. 1993).2.6. Testing methodology: deﬂection of a
rigid hair
The force necessary to deﬂect the hair by a unit amount
was measured by positioning the AFM cantilever tip
at varying points along the length of the hair shaft
and acquiring force–distance curves as discussed above.
The results of the hair deﬂection measurements atJ. R. Soc.  (2009)Interface
8small forces (less than 500 nN) were based on two
key assumptions: (i) the hair shaft does not bend in
this regime and (ii) the AFM cantilever tip does not
penetrate into the cuticle of the hair shaft.
Both assumptions were veriﬁed prior to the SFS
measurements. The absence of hair bending under the
nano-Newton forces used for high-resolution studies
was conﬁrmed by measurements of hair deﬂection using
the same value of force applied at various distances
L from the pivoting point along the hair shaft. The
increase of hair deﬂection with increasing force applied
at any particular point showed no nonlinearities that
could have been due to contacting the socket edge or
bending of the hair shaft. However, the same value of
force applied at increasing distances L from the pivotal
axis led to a quadratic increase (R2O0.99) in hair
displacement clearly indicating that the hair behaves as
a rigid beam. The absence of local hair indentation was
validated by performing independent SFS measure-
ments on a hair that had been plucked and immobilized
on a rigid substrate (silicon), considered to be inﬁnitely
hard. Under the modest normal loads used here, the
indentation depth, if any, was close to the experimental
uncertainty. It did not exceed 1 nm at the largest load
and therefore only slightly penetrated into the topmost
layer of the epicuticle leading to the adhesion seen in
the retraction curves of the force–distance measure-
ments (ﬁgure 5b). The thickness of the epicuticle on the
leg ofCupiennius is 200 nm, with a thickness of the lipid
layers of 10–40 nm (Barth 1969; McConney et al. 2007).
By its smallness, the penetration into the epicuticle did
not contribute to the deﬂection measurements. The
hair was deﬂected as a rigid rod with its large stiffness
relying mainly on the stiffness of the exocuticle, which
has an elastic modulus of approximately 18 GPa in
C. salei (Blickhan & Barth 1985; Barth 2002).3. RESULTS
3.1. Measuring the torques resisting hair motion
The micromechanical behaviour of a hair under
maximum forces normal to the long axis of the hair
shaft and reaching 500 nN is presented in ﬁgure 7a.
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Figure 7. Hair shaft bending measurements. (a) A load–hair deﬂection curve, using relatively large forces. After signiﬁcant
deﬂection, the hair made contact with the socket and then the hair shaft was bent as seen from the small slope of the curve.
(b) The same load curve as in (a), with the initial part of the curve enlarged to show the region where the AFM cantilever tip










































































Figure 8. High-resolution hair shaft deﬂectionmeasurements for
a hair shortened to 114.5 mm. (a) High-resolution load–deﬂection
curve; example of the load curves used to determine the two- and
three-parametermodel constants. Average ofﬁvemeasurements
(Gs.d.) obtained at an angular velocity of 0.029G0.004 rad sK1.
The dashed line represents the minimum angle of deﬂection
necessary to elicit a nervous response as measured electro-
physiologically (Barth&Ho¨ller 1999). (b) Enlarged initial region
of the load–deﬂection curve displayed in (a).
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First, the deﬂection of the hair just before making
contact with the AFM cantilever tip is zero (ﬁgure 7b).
Then, immediately after the engagement of the AFM
cantilever tip at the contact point, the hair starts its
nanoscale deﬂection, which is noisy but essentially
linear up to loads close to 100 nN. The irregular
deﬂections observed are caused by the interaction of
the AFM cantilever tip with the microstructure of the
hair shaft surface (see §2; ﬁgure 2a).
At larger normal loads hair deﬂection becomes erratic,
especially between 7000 and 8000 nm, and ﬁnally alters
dramatically (ﬁgure 7a). The erratic behaviour at
approximately 7000 nm deﬂection is probably due to
several different surface patches of the hair contacting the
inner parts of the socket. For deﬂections larger than
7500 nm, the force required to deﬂect the hair further
increases steeply indicating a change in the hair’s
mechanical behaviour. Figure 7a and b reﬂect the overall
hair behaviour observed in our large deﬂection experi-
ments: steady, close to linear deﬂection as a rigid body for
deﬂections of less than approximately 7500 nm, followed
by a steep increase inmechanical resistancewhen the hair
contacts the socket rim and starts bending. The bending
stiffness of the hair shaft of the 950 mm long trichobo-
thrium, selected as a representative example, was
measured to be 0.18 (G0.03) N mK1 (nZ15), the AFM
cantilever tip being 43.8 mm from the hair suspension
membrane.The overall quadratic relation for the bending
stiffness k of the hair shaft, as a function of distance from
the pivoting point, L in mm, was kZ3.38!10K4
L2–4.35!10K2 LC1.44 (N mK1).
Considering the signiﬁcant instabilities observed in
the micromechanical behaviour measured under large
deﬂection conditions, we conducted high-resolution
experiments with more ﬂexible cantilevers after
nanoshaving the microtrichs to obtain the deﬂection
characteristics in the range of very small forces (less
than 2 nN). Under these conditions, the hair deﬂected
fairly linearly with the force changing from 12.5 pN to
1.5 nN (ﬁgure 8a,b). Note that the ﬁrst point in ﬁgure 7b
is beyond the 0.5 nm uncertainty of the SFS measure-
ment technique, and therefore well measurable. The
loading curve is directly related to the torque resisting
hair deﬂections by multiplying the force with the
length of the lever arm. The trichobothrium could beJ. R. Soc.  (2009)Interface
82reproducibly deﬂected by 0.0018 (17.5 mrad). This is an
extremely small value, well below the sensory threshold
deﬂection angle down to 0.018 (Barth & Ho¨ller 1999).
Hair deﬂection at small forces changed linearly by
0.85 nm increments per each 12.5 pN increase in load
(ﬁgure 8b). The mechanical response of the hairs was
linear at the speciﬁc angular velocities, even well below
the sensory threshold deﬂection. Moreover, even under
very small pico-Newton forces the hair response was
smooth, with a mean deviation from linearity of the
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Figure 9. (a) High-resolution load–deﬂection curves. At lower angular velocity, the hair pivots much more with force. The curves
shown are average curves Gs.d. (NZ1, nZ12). (b) Work to reach the physiological threshold deﬂection of 0.018 (Barth &
Ho¨ller 1999); see dotted line in (a). The line ﬁtted to the data points (circles) follows the power-law function of workWZ2.24!







































Figure 10. Comparison between measurements (circles; mean
Gs.d.) and empirical ﬁts (lines; equations are given in the
text) of (a) the torque and (b) its time rate of change as a
function of the hair’s angular velocity.
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Preliminary values of the torsional restoring constant
S, in which the contribution of the torque associated
with damping was neglected, were obtained by relating
the slope of the loading curves to a unit hair deﬂection
of 1 rad. Previous data (Humphrey et al. 1993, 1998)
and current ﬁndings suggest that values of the torsional
restoring constant S obtained this way are close to the
true values, although slightly overestimated. In inves-
tigations of hairs 910 and 923 mm long, the preliminary
torsional restoring constants were measured to be
7.3!10K12 (G0.6!10K12) Nm radK1 and 4.3!10K12
(G0.1!10K12) Nm radK1, respectively.
Given the potential importance of a trichobo-
thrium’s mechanical properties for its physiological
response, we studied its torsional behaviour at angular
velocities between 0.0004 and 0.26 rad sK1 by collecting
force–distance data in the high-resolution mode
(ﬁgure 9a). Surprisingly, the mechanical resistance of
a hair to deﬂection forces, and consequently the work to
deﬂect it to the physiological threshold angle, dropped
sharply for angular velocities smaller than 0.05 rad sK1
(ﬁgures 9b and 10a). To the authors’ knowledge, no
previous work has reported such a trend in arthropod
air ﬂow-sensing hair receptors.
Table 2 provides mean and root mean square (r.m.s.)
values of the experimental angular velocity, the torque
and the time rate of change of torque from which the
viscoelastic model parameters were determined.
The torque values at a ﬁxed hair deﬂection angle of
1.23!10K3 rad (0.078) (which was the maximum angle
that could be achieved at all deﬂection velocities with
the same trigger deﬂection of the AFM’s cantilever) are
empirically related to the angular velocity by the
expression TZ8.50!10K14–1.48!10K14 _qK0.174 (Nm)
(ﬁgure 10a). The empirical ﬁt predicts the torque with
an absolute difference smaller than 6 per cent over
the entire range of angular velocities explored. The
time rate of change of torque is empirically given
by _TZ6:30!10K11 _q
1:11
(Nm sK1) (ﬁgure 10b), with
an absolute difference smaller than 4 per cent. We note
that the torque T tends towards an asymptotic value of
8.50!10K14 Nm for very large angular velocities.
This is to be expected since the viscoelastic dashpot
element resists deformation induced by motions at highJ. R. Soc.  (2009)Interface
8angular velocities and, as a consequence, deformation
can only occur owing to the spring elements. The latter,
however, deform in proportion to the torque irrespec-
tive of the rate of change and are responsible for the
asymptotic behaviour observed.
Using the physical–mathematical procedure described
in §2.3.1 for the two-parameter Kelvin model applied to
all the measured data points, the model parameters
were found to be S2pZ3.57!10
K11 (G8.08!10K12)
Nm radK1 and R2pZ1.15!10
K13 (G1.05!10K13)
Nm s radK1. To check the goodness of this model, the
torque TSFS was calculated using equation (2.2) for the
values of _q in table 2 and the values obtained for S2p and
R2p. The difference between the measurements and the
calculations averaged over the entire range of angular



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 11. Comparison between measurements and calcu-
lations of the torque acting on a spider trichobothrium using
the two-parameter (2p) and the three-parameter (3p) models
described in the text: the measured data (down triangles, with
error bars), the empirical ﬁt (black solid curve), values
calculated using the two-parameter model ﬁtted to all the
measured data points (dotted line), values calculated using
the two-parameter model ﬁtted to the three points at angular
velocities larger than 0.05 rad sK1 (dashed line), and values
calculated using the three-parameter model ﬁtted to all the
measured data points (up triangles).
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84per cent at the smallest angular velocity. Owing to the
poor agreement, especially at low angular velocities, a
second regression was performed using only the data
corresponding to _qO0.05 rad sK1. From this, it was
found that S2pZ4.89!10
K11 (G2.88!10K13)
Nm radK1 and R2pZ2.83!10
K14 (G2.07!10K15)
Nm s radK1, which yielded calculated values of TSFS
differing from those measured by less than 0.5 per cent
(ﬁgure 11).
For the three-parameter solid model described in
§2.3.2, the multiple linear regression of the
measured data in table 2 using equation (2.4) yielded
S3pZ2.91!10
K11 (G6.55!10K12) Nm radK1, S 03pZ
2.77!10K11 (G9.84!10K12) and R3pZ1.46!10
K12
(G9.26!10K13) Nm s radK1. The results of the three-
parameter model using the experimentally determined
data of angular velocity _q and torque rate _T are plotted
in ﬁgure 11. The three-parameter model correctly
captures the physical behaviour of the hair over the
entire range of angular velocities including the drop of
torque T for the small velocities, with an average
absolute difference of 7 per cent, the largest difference
being 16 per cent at the smallest angular velocity.4. DISCUSSION
4.1. Comparison with ﬂuid mechanic
modelling studies
The preliminary statically determined values of S, as
well as the two-parametermodel values ofS2p andR2p for





















































Figure 12. Angular velocity of a trichobothrium hit by the
wake cone of a ﬂy buzzing stationarily at a distance of 4 cm
from the trichobothrium and at an angle of 458 to the long axis
of the spider leg. (a) Time course of the angular velocity
measured from high-speed video recordings (sampling rate,
500 frames per second). (b) Distribution of the angular
velocity values from (a) between 0.5 and 1.9 s, bin size
0.25 rad sK1 and nZ700. Negative velocity values from
(a) were accounted for as positive. Inset: relative frequencies
of angular velocity values in the range from 0 to 0.3 rad sK1;
bin size 0.01 rad sK1.
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within one order of magnitude with the values obtained
in earlier studies using a physical–mathematical ﬂow
modelling approach (Humphrey et al. 1993, 1998;
Humphrey & Barth 2008). Similarly, the three-
parameter model values of the two spring elements S3p
and S 03p are quite comparable to previously determined
values but, by contrast, the value of the damping
element R3p is approximately 100 times larger than R2p.
Because the three-parameter model correctly captures
the qualitative variation of hair motion over the range
of angular velocities and torque rates explored, it is
deemed to be more fundamental of the two hair
suspension viscoelastic models. Notwithstanding, for
angular velocities larger than 0.05 rad sK1, typical of
many biologically relevant investigations, the two-
parameter model yields very good predictions of hair
behaviour (Humphrey et al. 1993, 1998; Shimozawa
et al. 1998, 2003; Humphrey & Barth 2008).
Applying the two-parameter model, Barth et al.
(1993) obtained constant values for S (corresponding to
S2p) and R (corresponding to R2p) for a 750 mm long
trichobothrium on the metatarsus (MeD1) of Cupien-
nius salei and found these to be 5.77!10K12 Nm radK1
and 2.20!10K15 Nm s radK1, respectively, in the case of
a sinusoidally oscillating ﬂow with a velocity amplitude
of 50 mm sK1 driving the hair. The experimental ﬁts for
Cupiennius hairs provided in Humphrey et al. (2003)
yield the constant values SZ1.32!10K11 Nm radK1 and
RZ3.34!10K15 Nm s radK1 for a 950 mm long hair on
the tibia (TiDA1). Our present results are also in good
agreement with the constant S values of approximately
10K11 Nm radK1 found by Shimozawa & Kanou (1984a)
for 1 mm long cricket ﬁliform hairs for the case of
quasistatic loading experiments. The ﬁliform hairs on
the cerci of crickets are similar to the spider trichobo-
thria with regard to diameter and length, and they are
sensitive to similar air ﬂow velocities (Shimozawa &
Kanou 1984b; Shimozawa et al. 1998; Casas et al. 2008).
It should be noted that the ﬂow conditions corresponding
to the deﬂection of the above-mentioned MeD1 and
TiDA1 spider trichobothria are associated with
maximum angular velocities signiﬁcantly larger than
1 rad sK1. In this regard, the results of Humphrey &
Barth (2008, ﬁg. 18b) show that the angular velocities of
MeD1 hairs 250–1000 mm long greatly exceed 1 rad sK1
in oscillating air ﬂows with frequencies larger than 10 Hz
and constant velocity amplitude of 10 mm sK1. The
same is true forMeD1 hairs 500 mm long in oscillating air
ﬂows with frequencies larger than 50 Hz and constant
velocity amplitude of 2 mm sK1 (Humphrey & Barth
2008, ﬁg. 23). Angular deﬂection velocities of trichobo-
thria exposed to natural air ﬂows eliciting prey capture
behaviour of the spider as in the wake of a buzzing ﬂy are
frequently larger than 1 rad sK1 (ﬁgure 12; Barth 2002).4.2. Modelling of the viscoelastic
hair suspension
All models for linear viscoelastic materials are com-
posed of linear springs and linear viscous dashpots
to describe the stress–strain–time relations of
such materials (Flu¨gge 1967; Findley et al. 1976;J. R. Soc.  (2009)Interface
8Fung 1993). The form of equation (2.1), describing
ﬁliform hairs as forced damped harmonic oscillators,
tacitly assumes that the viscoelastic behaviour of the
hair suspension material can be approximated as a
Kelvin solid, i.e. according to a linear viscoelastic model
consisting of a spring element (S2p) and a dashpot
element (R2p) in parallel. Thus, in equation (2.1) the
torque Tm, characterizing the material’s inherent
resistance to motion is given by
TmZR2p _qCS2pq; ð4:1Þ
where R2p and S2p are constants (Flu¨gge 1967; Findley
et al. 1976; Fung 1993). The response of this model to a
suddenly imposed external torque is for the torque to be
initially carried entirely by the viscous element R2p,
thus preventing any immediate deﬂection of the hair.
However, as the viscous element elongates, it transfers
an increasing portion of the applied torque to the elastic
element S2p, so that, ﬁnally, the entire torque is carried
by the elastic element S2p. Such behaviour is referred to
as delayed elasticity (Findley et al. 1976).5
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as described by equation (2.3), deformation can occur
for any rate of applied torque. Whereas the two-
parameter model would resist a deformation for a
suddenly applied torque, the three-parameter model
results in an initial deformation of the hair suspension
by the two spring elements, S3p and S
0
3p, acting in
parallel. Therefore, to achieve a particular angular
deformation as the rate of deformation increases, the
torque required to reach that angular deformation
should asymptotically approach a constant value as
observed in the experimental data. The two-parameter
model achieves a similar effect by incorporating a
numerical value for the dashpot that is three orders of
magnitude smaller than the numerical value for the
spring. The similar magnitudes of the three-parameter
model constants allow the model to capture the
deformation at low angular velocities.
These ﬁndings suggest that the viscoelastic nature of
the hair suspension material and structure is complex at
lowangular velocities,with reversible elastic deformation
and irreversible dissipation ofmechanical energy strongly
depending on both the deformation and the rate of
deformation of the material. The mechanical behaviour
of the hair can be associated with the time-dependent
shearing properties of materials consisting of physical
networks of molecules (Sperling 2006; Wineman & Shaw
2006), similar to the protein matrix in arthropod cuticle.
Not surprisingly, the work required to deﬂect the
hairs to their physiological threshold angle of 0.018
(Barth & Ho¨ller 1999) at constant velocities essentially
follows the changes of the torque T (ﬁgures 9b and 10a).
The asymptotic, large angular velocity value for this
work is approximately 2!10K18 J, close to the value of
the area under the hair deﬂection versus load curve in
ﬁgure 8b for 0.259 rad sK1. When allowance is made for
the fact that this load curve corresponds to the ﬁrst half
of a sawtooth wave, it is possible to compare with the
work generated by a sinusoidally oscillating hair of
similar characteristics (Humphrey et al. 2003). For
such a wave, the absolute value of work generated
during each quarter of the sinusoidal oscillation is a
number ranging between 4!10K18 and 1!10K17 J,
approximately. The correspondence between these
values and the asymptotic one of the present study is
acceptable, especially when allowance is made for the
fact that neither the angular velocity nor the accelera-
tion is constant for sinusoidally oscillating hairs. Note
that, if instead of integrating a quarter of a sinusoidal
cycle the integration is carried out for a full cycle, the
net work obtained is smaller (10K20 to 10K19 J;
Humphrey et al. 2003), because of the energy returned
by the oscillating hair.4.3. Sources of hair suspension viscoelasticity
The structures responsible for the viscoelastic
behaviour of the hair suspension are the following
(ﬁgure 3; Humphrey & Barth 2008).
(i) The membrane, which connects the hair shaft and
the exoskeleton, is suggested to represent the
main spring element consisting of a highly elasticJ. R. Soc.  (2009)Interface
86material. Its increase in stiffness may result from
viscoelastic effects, such as already shown for a
soft cuticular pad of Cupiennius, which functions
as a high-pass ﬁlter in the spider substrate
vibration receptor (McConney et al. 2007). It
seems likely that the hair suspension membrane
contains resilin, which is known to elastically
store energy with high efﬁciency in the joints of
insects. According to dynamic mechanical testing
between 10 and 200 Hz, the elastic modulus of
resilin increases with increasing frequency as does
the torque T resisting the hair deﬂection in the
present study (Gosline et al. 2002).
(ii) Regarding the dashpot element, we suggest two
possible sources for the damping properties of the
hair suspension. (a) The lever arm of the hair
shaft below the suspension membrane, and the
structure coupling the outer dendritic segments of
the sensory cells to it, are surrounded by receptor
lymph (Anton 1991; Barth 2002). The displace-
ment of receptor lymph in such a conﬁned space
can be expected to be highly viscous, and the
associated energy dissipation will work to dam-
pen the hair deﬂection. (b) The region of the
coupling structure contacting the dendrites may
add to this initial low-velocity damping, but no
experimental data are available yet.4.4. Biological relevance
The velocities of background ﬂows during the activity
period of the spider in its natural habitat are typically
smaller than 0.1 m sK1, whereas the ﬂow velocities
generated by a buzzing ﬂy can reach values of up to
1 m sK1 (Barth et al. 1995). The even more important
difference between ﬂow signals generated by prey
insects or predators and the background wind is the
ﬂow velocity time history. The signals generated by
prey or predators are of a ﬂuctuating nature, charac-
terized by relatively large ranges in the spatial and
temporal scales of motion. By contrast, the background
wind, in particular, during the night time activity of
Cupiennius, is characterized by a much more steady
ﬂow (Barth et al. 1995; Klopsch et al. 2007). Angular
deﬂection velocities of trichobothria caused by natural
stimuli, such as the background wind or the highly
turbulent wake of a ﬂy, span a broad range of values
with peak velocities of up to 150 rad sK1 (ﬁgure 12a).
Interestingly, only 1.7 per cent of the angular velocity
values are less than 0.05 rad sK1 (ﬁgure 12b), falling in
the range of the deviation from the Kelvin solid-like
behaviour of the suspension material.
At high angular velocities, the viscous dashpot
element characterized by R3p in the three-parameter
model resists deformation, and as a consequence, the
two spring elements S3p and S
0
3p dictate hair motion
(ﬁgure 4b). This results in torque being directly
proportional to the hair’s angular deﬂection. By
contrast, at low angular velocities the dashpot element
can deform, thus relaxing the material and resulting in
a lower torque to attain the same angular deﬂection.
This viscoelastic material behaviour at low angular
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thereby contributing to the highly phasic properties of
the nervous response of the trichobothria (Barth &
Ho¨ller 1999; Barth 2002). Note that under biologically
relevant stimulus conditions, a trichobothrium
generally moves at high angular velocities for which
the spring elements dominate hair motion. Highly
ﬂuctuating signals such as those produced by potential
prey animals result in frequent and sudden changes of
the hair’s angular velocity. Indeed, directly at the start
of a motion with large constant velocity the action
potential discharge rate of the hair sensory cells is
larger than during ongoing deﬂection (Barth & Ho¨ller
1999). The mechanical properties of the hair suspension
seem to speciﬁcally support the oscillating nature of the
deﬂections of a trichobothrium caused by biologically
relevant stimulus patterns.
In addition to the hair suspension structures, the
viscoelastic properties of the dendrites themselves may
help to explain the phasic response pattern of the
sensory cells of the trichobothria, which readily respond
to movement, but not to static deﬂection (Barth &
Ho¨ller 1999). It is quite possible that only during
movement of the coupling structure, not however
during static deﬂection, the strain exerted on the
sensory cell membrane is large enough to open a
suprathreshold number of ion channels leading to the
generation of the nervous response.
The authors would like to thank Melburne C. LeMieux,
Srikanth Singamaneni, Maryna Ornatska and Christian
Klopsch for their valuable discussions. Funding was
provided by the DARPA BioSenSE Program grant no.
FA9550-05-1-0459 to F.G.B., J.A.C.H. and V.V.T. J.A.C.H.
gratefully acknowledges a Guest Professorship in the Depart-
ment of Neurobiology and Cognition Research at the
University of Vienna during the work on this study. He also
thanks T. Baber at UVA for the helpful discussions on
viscoelastic materials.APPENDIX A
For purposes of the estimates provided in this
appendix, we model the hair suspension as a two-
parameter Kelvin solid model. (For convenience, we
drop the 2p subscript notation on the torsional
restoring constant S and the damping constant R.)
For these conditions, the equation governing the
angular momentum of a hair being driven by a
mechanical probe is
I €q CR _qCSqZT ; ðA 1Þ
where, assuming the hair is a straight cylinder, the











and d, L and rh are the hair diameter, length and
density, respectively. In equation (A 1), T is the total
torque acting on the hair: that is, it is the sum of
the imposed mechanical probe torque TSFS and the
torqueT airhair resisting hair motion owing to the
interaction of the hair with the air (TZTSFSKT
air
hair).J. R. Soc.  (2009)Interface
8In the experiment, the hair is displaced by the
mechanical probe according to a triangular waveform
pattern consisting of a constant displacement velocity
during the downward and upward strokes, respectively.
Because the hairs are displaced at constant angular
velocity, the term I €q in equation (A 1) is negligible and
this equation simpliﬁes to
R _qCSqZT : ðA 3Þ
We now show for the case of a sinusoidally oscillating
system that the torque terms T airhair contributing to T
are small relative to the mechanical probe torque TSFS
imposed in the experiments. For sinusoidal hair




Fairhairy dy; ðA 4Þ
where the total force F per unit hair length is
FairhairZFðm;VrÞCFðm; _V rÞCFðr; _V rÞ; ðA 5Þ
and the following deﬁnitions apply






Fðr; _V rÞZprðd=2Þ2 _V r: ðA 6cÞ
In equations (A 6a–c), m and r are the dynamic
viscosity and density of air; Vr and _V r are the relative
velocity and acceleration of the air relative to the hair
(see below); and the quantity G is given by
GZK
g
ðg2Cp2=16Þ ; ðA 7Þ
where










(with nZm/r), which is a necessary condition readily
satisﬁed in our experiments.
For the order of magnitude analysis of interest here,
we can assume that the relative velocity and accelera-
tion of the air with respect to the hair are given by
(Humphrey & Barth 2008)
VrZUo sinð2pftÞ; ðA 10Þ
and
_V rZ ð2pf ÞUo cosð2pftÞ; ðA 11Þ
with Uo given by
Uozdf ; ðA 12Þ
where Uo and f are the amplitude and frequency of the
oscillating air ﬂow.7
Micromechanics of ﬂow sensitive hairs M. E. McConney et al. 693
 on 10 July 2009rsif.royalsocietypublishing.orgDownloaded from Taking LZ1000 mm, dZ4 mm and fZ20.8 Hz yields
Fðm;VrÞz1:5!10K9 N mK1; ðA 13aÞ
Fðm; _V rÞz2!10K10 N mK1; ðA 13bÞ
and
Fðr; _V rÞz6!10K14 N mK1: ðA 13cÞ
When substituted into equation (A 4) and inte-
grated over the truncated lengths LF of the hairs
examined, equations (A 13a–c) yield torques of the
order of 10K17, 1.4!10K18 and 4.32!10K22 Nm,
respectively. By contrast, from ﬁgure 8, we estimate




The conclusion is that the air-induced torques
opposing hair displacement are small relative to TSFS
and the ﬁnal equation of motion for the hair is
R _qCSqZTSFS: ðA 14ÞREFERENCES
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Abstract Arachnid slit sensilla respond to minute strains
in the exoskeleton. After having applied Finite Element (FE)
analysis to simpliWed arrays of Wve straight slits (Hößl et al.
J Comp Physiol A 193:445–459, 2007) we now present a
computational study of the eVects of more subtle natural
variations in geometry, number and arrangement of slits on
the slit face deformations. Our simulations show that even
minor variations in these parameters can substantially inXu-
ence a slit’s directional response. Using white-light inter-
ferometric measurements of the surface deformations of a
lyriform organ, it is shown that planar FE models are capa-
ble of predicting the principal characteristics of the
mechanical responses. The magnitudes of the measured and
calculated slit face deformations are in good agreement. At
threshold, they measure between 1.7 and 43 nm. In a lyri-
form organ and a closely positioned loose group of slits, the
detectable range of loads increases to approximately 3.5
times the range of the lyriform organ alone. Stress concen-
tration factors (up to ca. 29) found in the vicinity of the slits
were evaluated from the models. They are mitigated due to
local thickening of the exocuticle and the arrangement of
the chitinous microWbers that prevents the formation of
cracks under physiological loading conditions.
Keywords Spiders · Strain detection · Slit sensilla · 
Modeling · Mechanoreception
Abbreviations
b Width of slit
D Slit face displacement
Dd Slit face displacement at the dendrite’s position
Dsc Slit face displacement at mid-length of a single
isolated slit
l Length of the slit
l0 Length of the largest slit in the array
l/b Aspect ratio (length/width) of the slit
S Lateral spacing between neighboring slits
l DiVerence in the length of neighboring slits
a Applied far-Weld strain
a,r Reference applied far-Weld strain
 In-plane angle of unidirectional load
 Longitudinal shift between slits
a Applied far-Weld stress
a,r Reference applied far-Weld stress
Introduction
Embedded in the exoskeleton of arachnids (Barth and
Libera 1970; Barth and Wadepuhl 1975; Barth and Stagl
1976) are slit-shaped sensory organs, which by way of their
compression monitor the cuticular strains resulting from mus-
cle activity, hemolymph pressure and substrate vibrations. In
spiders, the slits are up to 200 m long with parallel faces
and rounded ends. They have aspect ratios, i.e., ratios of
length/width (l/b, see Fig. 1a), of up to 100 (Barth 1971,
1981), which is much higher than in insect campaniform
sensilla (l/b t 1 to 3) (Barth 1981). However, in both types
of these cuticular strain detectors, isolated single sensilla as
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well as groups of sensory units are found. Lyriform organs
of arachnids are compounds of up to 30 closely spaced (lateral
spacings S/l · 0.04; for the deWnition of S see Fig. 1a) elon-
gated slits (see review in Barth 2002). The individual slits
fully penetrate the cuticle within a few microns of their tips
(Müllan 2005) and therefore can be modeled as capped
rectangular openings cut into disks or shells.
Organ HS8 on the tibia of the spider Cupiennius salei is
a particularly well-studied lyriform slit arrangement. Its
mechanical and physiological properties were previously
examined (Barth and Bohnenberger 1978; Bohnenberger
1981), and the face deformations of a slit pattern inspired
by HS8 and cut into planar polymer discs were analyzed
under load using photoelasticity techniques (Barth and Pic-
kelmann 1975). The Wrst (in vivo) measurements of the
strains in the exoskeleton at the location of some lyriform
organs including HS8 were reported by Blickhan and Barth
(1985). They used micro strain gauges glued to spider
walking legs to identify the strains at the location of real
lyriform organs under biologically relevant loads, such as
those occurring during walking.
Later, these studies were extended to include jumping,
starting and stopping, and other mechanically more
demanding situations in C. salei (Brüssel 1987; Barth
2002). Although the inXuence of the stiVness of the strain
gauges on the stiVness of the cuticle could be accounted
for, the diVerences in the face deformations of the individ-
ual slits could not be resolved by this method. The present
study was supported by optical measurements of the slit
face deformations of individual slits of real lyriform organs
in intact spiders, done by white-light interferometry, which
does not aVect the mechanical properties of the integument.
By a comparison with the results of the previous strain-
gauge measurements and those of interferometric analyses,
the accuracy of our present planar FE model of HS8 could
be assessed and conWrmed. Thus, planar FE models can be
used to predict the slit face displacements of actual lyriform
organs not accessible to measurement, provided these
organs are located in suYciently planar regions of the exo-
skeleton.
In a previous study, we used an analytical fracture mechani-
cal approach (Kachanov’s method) as a Wrst step toward
quantitative mathematical models of the face deformations of
the slits in spider lyriform organs (Hößl et al. 2005, 2006). As
this method turned out to be limited to slits more widely
spaced than those in lyriform organs, we then focused on the
Finite Element (FE) method, which does not have this limita-
tion (Hößl et al. 2007). Planar FE models allow studying arbi-
trarily positioned openings of any desired number, shape, and
spacing. In addition, they can be extended to the third dimen-
sion by using shell models taking into account the actual
shape of the integument close to many of the organs.
 Our Wrst FE study (Hößl 2007) concentrated on simpli-
Wed planar models of diVerent arrays of Wve slits (Barth
et al. 1984), while Vincent et al. (2007) studied a simpliWed
arrangement of elliptical holes inspired by campaniform
sensilla.
In the present work, we approach the natural conditions
more closely to see the mechanical eVect of variations in
the number of slits, their lateral and longitudinal shift, their
curvature, and the angles between them. Three-dimensional
(3D) FE models based on the morphological details of
actual organs and of the exoskeletal parts carrying them are
the subject of a manuscript in preparation.
Being part of an eVort to computationally model slit sen-
silla, this study extends the quantitative basis for designing
biomimetic micro strain sensors for technical applications,
e.g., in robotics or in medical applications such as prostheses.
Materials and methods
Details of slit sensilla
In the legs of the spider Cupiennius salei, the exocuticle
that dominates the cuticle’s stiVness, is about 10 m thick
Fig. 1 a Geometrical parameters of the slit arrangements tested. a,r
far-Weld strain; l slit length; b slit width; S lateral shift; l gradation in
slit length;  longitudinal shift;  orientation of slits relative to uni-ax-
ial compressive loads. b Arrangement of the leg for white-light inter-
ferometric examination of the deformation of lyriform organ HS8 and
simultaneous force measurements. The angle  between tibia (Ti) and
metatarsus (Me) is kept at 130° in the dorsoventral plane. A steel rod,
Sr, waxed to the metatarsus deXects it laterally against the Wxed tibia.
Yellow arrow, location of lyriform organ HS8 on the posterior aspect
of the tibia; Ta tarsus93
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(Barth 1969). From the engineering point of view, the exoc- ABAQUS/Standard (Simulia, Providence, RI) was used123
uticle shows a helicoidal variation of the Wber orientations over
its thickness and forms a laminate consisting of many sublami-
nates, which are referred to as lamellae. Thus, according to
the lamination theory (Agarwal and Broutman 1990), the
cuticle can be treated as isotropic for in-plane loads (Barth
1973). The eVective in-plane Young’s modulus of the cuticle
of the tibia of C. salei was reported to be 18 GPa (Blickhan
and Barth 1985) and the in-plane Poisson’s ratio as 0.3 (in
agreement with the estimates of Vincent 1982; Flannigan
1998; Cocatre-Zilgen and Delcomyn 1999; Skordos
et al. 2002).
Slit sensilla are covered on the outside by an isotropic,
inward-bulged, trough-shaped membrane, which holds a
structure known as the coupling cylinder. Inside the cou-
pling cylinder, the dendritic ending of a sensory cell is
attached. The Young’s modulus of the outer membrane, which
is assumed to be resilin-like, can be estimated to be in the
range of 1–2 MPa (values reported for materials mainly
consisting of resilin by Jensen and Weis-Fogh 1962 and
Vincent 2002). Aside from the ionic composition (Rick
et al. 1976; French et al. 2002), little is known of the receptor
lymph inside the slits with respect to material properties and
its possible Xow out of the slits toward the extracellular spaces
in the hypodermis and across the Wbrous inner membrane.
It should be mentioned here that there is the dendrite of a
second sensory cell. It ends at the inner, instead of the outer
membrane of the slit without being obviously coupled to
it (Barth 1971). The mechanical consequences of this
diVerence between the two dendrites still are not fully
understood (French et al. 2002; Molina et al. 2009).
Finite Element models
It is assumed that no external surface loads are acting, so
that at positions close to the surface of the cuticular exo-
skeleton a plane stress state prevails, regardless of the
shape of the surface. Because the majority of the lyriform
organs are found laterally on the leg in areas with little cur-
vature, the eVects of the curvature of the cuticle were
neglected. The slit geometries of actual lyriform organs
were projected to a plane (2D) and their real shapes known
from scanning electron micrographs (Müllan 2005) were
approximated by elongated openings of constant width with
smoothed faces and rounded ends. Unless stated otherwise,
the slit face deformations Dd were evaluated at the positions
corresponding to those of the dendritic endings in the cov-
ering membrane of the slit. The length of the longest slit in
a given arrangement was denoted as l0. Square discs of size
400 l0 £ 400 l0, at the centers of which the slits were
located, were used. This large size of the disks compared to
the slit lengths was chosen to avoid boundary eVects on
the slit face displacements. The Finite Element program
and all models were meshed with six-noded triangular
plane stress elements. Convergence studies were performed
and as a result the meshes were strongly reWned in the
vicinity of the slits.
As discussed before, the cuticle was modeled as a linear
elastic in-plane isotropic material. It was assumed that both
the Xuid inside the slits and the membranes, which are sev-
eral orders of magnitude softer than the exocuticle, have
negligible inXuence on the slit face displacement under
static loading. The present study deals with static loading
only. We expect that the Xuid inside the slits plays a role in
the tuning of actual lyriform organs to dynamic load stimuli
(which are not the subject of the present investigation) in a
certain frequency range.
The maximum local physical strains in our models were
small and similar to those occurring in the cuticle of arachnids
under natural loads (Blickhan and Barth 1985; Brüssel 1987),
¡1.2 £ 10¡4 (=¡120 ), so that all analyses were carried
out under the assumption of linear structural behavior.
The models were loaded by prescribed compressive ref-
erence far-Weld strains of a,r = 2.5 £ 10¡5 (=25 ) acting
in x-direction along the vertical edges (Fig. 1a). Since linear
analysis was used, biaxial load cases can generally be
derived from the solutions for these uniaxial load cases by
proper superposition. The boundary conditions were com-
pleted by allowing the horizontal edges to deform freely.
This compressive strain is in the low range of physiologi-
cally meaningful values (Blickhan and Barth 1985; Brüssel
1987) and corresponds to an overall uni-axial compressive
stress of a,r = 4.5 £ 105 Pa. For an easy adaptation to any
conWguration, we normalized the results to a reference slit
face displacement Dsc = 5.034 £ 10¡5 l0, which pertains to
the mid-length of a single isolated slit of length l0 and an
aspect ratio l0/b = 100, subjected to a strain a,r. Series of
analyses were carried out in which the slit arrays were
rotated within the disk to simulate their behavior under uni-
axial stresses acting in diVerent directions. For an example
on how to scale the results to a conWguration with given l0,
far-Weld strain a or far-Weld stress a, see Hößl et al.
(2007).
Due to loading by the far-Weld strain a,r, the slits are
deformed. In each slit, two points occupying opposite posi-
tions in the undeformed state predominantly move perpen-
dicularly to the slit faces, leading to a reduction of the slit’s
width (slit compression) from b in the undeformed conWgu-
ration to b in the deformed conWguration. Here and in the
following, the reduction of the slit’s width is referred to as
the “slit face deformation” D = b ¡ b. The slit face defor-
mation at the position of the dendrite is called Dd. For
details see Hößl et al. (2007).
Note that the load angle  is measured relative to the
longitudinal axis of slit 1 in each arrangement. In the94
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combination of the organs HS8 and HS9 (Fig. 6a), the Force values were measured from the start of the inter-123
reference slit is slit 1 of lyriform organ HS8.
White-light interferometry
To compare the calculated slit face deformations with those
of real lyriform organs, organ HS8 on the tibia of Cupien-
nius salei (Barth and Libera 1970) was monitored using
white-light interferometry together with the controlled
application of known forces. In white-light interferometry,
light from the microscope is divided within the microscope
objective. Part of the light is directed to the test surface,
another part to a reference test surface inside the apparatus.
Then, the light paths are directed onto a camera, which cap-
tures the interference fringes resulting from the two wave-
fronts, indicating the surface structure of the examined
specimen. In the scanning white-light interferometer used
(zygo NewView 5010), the objective of the microscope is
moved vertically with a piezoelectric transducer. The con-
tinuous recording of the interference patterns results in a
series of interferograms, from which the three-dimensional
surface structure of the tested specimen is evaluated with
the device’s software (MetroPro).
Intact adult females of C. salei were restrained to a metal
plate with adhesive tape with their ventral side up. The tibia
of the second right walking leg was embedded in a mixture
of colophony and beeswax up to 3 mm from the joint with
the metatarsus, its posterior aspect with the lyriform organ
HS8 facing up. Cuticular hairs were removed by smoothly
wiping with a pad of cotton. The metal plate with the spider
was then Wxed to the stage of the scanning white-light inter-
ferometer. The metatarsus was coupled to a force trans-
ducer (FORT 10, World Precision Instruments) with an
insect pin waxed to its dorsal side. A motorized microma-
nipulator (DC3001 R, WPI; control unit MS314, MW) cou-
pled to the force transducer was used to Xex the metatarsus
so as to subtend an angle of  = 130° with the tibia
(Fig. 1b). This arrangement had also been used in previous
electrophysiological studies of the same organ (Barth and
Bohnenberger 1978; Bohnenberger 1981). The deXections
of the metatarsus in the posterior direction were applied to
the insect pin in steps of 100 m at a distance of 22 mm
from the pivot point of the joint, resulting in an increase in
the angle  by 0.26° per step (Fig. 1b). Force measurements
were recorded continuously and stored on the hard disk of a
computer using an analog/digital converter (Biopac
MP100, Software ACQ 3.7, sampling rate 500 Hz). The
slit’s morphology was viewed with the scanning white-light
interferometer only 1 min after each force increase to reach
constant force and imaging conditions. The blurring of the
interference image and the concurrent quick decrease of
the recorded forces after an initial peak can be attributed to the
hysteresis of the joint material shown by Blickhan (1986).
ference scan (1 min after load application) as the mean
value for the following 10 s (standard deviations smaller
than 1%). The in-plane image resolution was 0.11 m per
pixel and that in the out-of-plane direction 0.1 nm. There-
fore, the initial width of a slit of about 2 m in the unloaded
organ was suYciently well resolved by about 20 pixels. Slit
face deformation was analyzed at the positions of the den-
drites as relative and absolute change in slit width b in the
direction normal to the slit long axis by using image metrol-
ogy software (SPIP 4.1.1).
Results
Directional dependence of the face deformations of natural 
slit patterns
The mechanical responses of some basic simpliWed slit
formations, e.g., oblique bar, triangular, and fan-like
arrangements, have been presented earlier (Hößl et al.
2007). We now investigated models of lyriform organs
with the same basic arrangements of slits, but also show-
ing the morphological details of the natural cases. For the
geometrical parameters describing the tested slit arrays,
see Fig. 1a.
Oblique bar formations
In oblique bar formations, the face deformations of the
individual slits are very similar, provided the slits are of
equal length (Barth et al. 1984). A slightly simpliWed natu-
ral arrangement and a more realistic planar geometry
based on the organ VS3 are shown in Fig. 2a and b,
respectively. The organ was modeled with straight slits of
equal width at longitudinal shifts of /l0 = 0, ¡0.29,
¡0.62, ¡0.86, ¡1.04, ¡1.15 and ¡1.16 (Fig. 2a), and
with slightly curved slits of varying widths at /l0 = 0,
¡0.3, ¡0.64, ¡0.9, ¡1.1, ¡1.2 and ¡1.22 (Fig. 2b) cor-
responding to SEM images of VS3. Figure 2a and b
compare the responses of these arrangements and indicate
that minor variations in the curvatures of the slits can con-
siderably inXuence their face deformations. An obvious
eVect is the more even distribution of mechanical sensitivity
among the shorter slits 4–7. In contrast to the Wndings
of Hößl et al. (2007), where all Wve parallel slits of equal
length respond to similar ranges of loads, in Fig. 2a slits
1–3 and slits 4–6 form two groups covering two diVerent
ranges of compressive loads. When the morphology of
the organ is modeled in even more detail, i.e., by using
C-shaped slits of varying width (Fig. 2b), slits 4–6 are no
longer adjusted to similar load levels, but their mechani-
cal response is more evenly distributed in the range of the95
J Comp Physiol A (2009) 195:881–894 885
Fig. 2 Results of FE simulation a123
magnitudes of the face deformations of the entire organ
(Fig. 2b). The similarities in the directional response
emerge clearly when the von Mises equivalent stress
(which is a scalar measure of the stress tensor) in the mod-
els is compared (Fig. 2a, b). Small diVerences are mostly
seen in the maximum von Mises stresses close to the tips
of the slits. In both arrays, slit 7 shows only small face
deformations, implying that in real organs it sends signals
to the central nervous system under very high loads only.
This was expected because slit 7 is arranged almost sym-
metrically ( = 0.01) relative to its much larger neighbor,
slit 6, and is therefore heavily shielded from one side
(compare Fig. 2a, b) similarly to the smallest slit in a sym-
metric triangular arrangement of Wve parallel slits (Hößl
2007). In addition, slit 7 is also much shorter than slit 6,
which also decreases its sensitivity.
Dendrite position
To relate the positions of the dendrites to the positions of the
maximum slit face displacements, the deformations of the slit
faces D(x)/Dsc were plotted along the slits (Fig. 2c, c) for the
slit arrangement shown in Fig. 2b. In Fig. 2c, the load direc-
tion is normal ( = 90°) to the longest slit (slit 1), similar to
the load direction a single isolated slit is most sensitive to. In
Fig. 2c, the results for  = 60° show the dependence of the
face deformations along the slits on the load direction. The
magnitudes of D(x)/Dsc change in a similar way in all slits.
However, the positions of the maximum slit face deforma-
tions are shifted. For example, in slit 2 of the model based on
VS3, the distance between the center of the slit and the loca-
tion of the maximum slit face displacement changes from
¡0.11 l0 to ¡0.19 l0 (=8% of l0) when the load direction
of the directional sensitivities of 
the seven neighboring slits in 
lyriform organ VS3, whose 
arrangement represents the 
“oblique bar” type. Von Mises 
equivalent stresses (MPa) in 
simple (a) and detailed models 
(b) representing organ VS3 un-
der loads acting normally to the 
longitudinal direction of slit 1 
( = 90°). a and b Directional 
mechanical sensitivity to uni-ax-
ial compressive far-Weld loads of 
the simple and detailed models. 
Mechanical sensitivity is given 
as the ratio between slit face dis-
placement at the dendrite’s posi-
tion (Dd) and the slit face 
displacement at mid-length of a 
single isolated slit (Dsc). c and c 
Slit face deformation D(x) rela-
tive to Dsc along the seven slits 
of the organ. Note positions of 
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changes from  = 90° to 60° (Fig. 2c, c). However, whereas D(x)/Dsc strongly increases in slit 2 and decreases in slit 1123
a change in loading direction aVects the values of the slit face
displacements, the total directional range of loads detected
by the organ remains the same (Fig. 2a, b).
Triangular slit arrangements
In triangular slit arrangements, a longitudinal shift /l0 (see
Fig. 1a) is required to move the shorter slits out of the
shielding zone of the longer slit. In real slit formations, the
slits indeed show a conspicuous tendency to be slightly
shifted longitudinally as exempliWed by the triangular
arrangement VS4 (Fig. 3a). Here, the length of slit 1 is l0
and that of slit 2 is 0.84 l0, which in combination with a lon-
gitudinal shift of /l0 = 0.14 moves the left tip of slit 2 out
of the shadow of slit 1 by a distance of 0.06 l0 (Fig. 3a).
Close to  = 90°, the ranges of magnitude of the face defor-
mations of the individual slits are more or less evenly dis-
tributed over the entire range of the mechanical sensitivity
of the organ (Fig. 3b).
The slits are most sensitive to uni-axial loads acting in
directions between  = 60° and 105°. In contrast to the
model based on organ VS3, in the model of organ VS4 the
amount of change in the slit face deformations along
the slits is diVerent in each slit when  is altered. Thus,
when the load direction changes from  = 90° to 60°. The
change in positions of the maximum displacements along
the slits between the load directions of  = 90° and 60° is
less than approximately 2% (Fig. 3c, c), which is smaller
than in VS3. In arrangement VS4, even a small change in
the direction of a far-Weld uni-axial stress inXuences the
face deformations of the slits.
In a model representing organ VS5 of C. salei (Fig. 4a)
loaded at an angle of  = 90°, the slit face deformation at
the dendrite of the longer slit is roughly three times the
value of that of the shorter slit (Fig. 4a). In the bird spider
Aphonopelma sp., this organ has a similar orientation and is
located at the same position on the tibia. However, in con-
trast to that of C. salei, it consists of eight slits that are
arranged in a triangular pattern (Fig. 4b). According to their
face deformations at  = 90°, the slits form two groups
(slits 1, 2 and 3 vs. slits 4, 6 and 7), which show a ratio of
slit face deformations of 1/3 (Dd/Dsc t 0.39 and t 0.13,
respectively, Fig. 4b).
Fan-like slit patterns
AmpliWcation and shielding eVects determine the slit face
deformations and the directional response in the model of a
Fig. 3 a Von Mises equivalent 
stresses (MPa) at slits arranged 
as in lyriform organ VS4 of C. 
salei and loaded at  = 90° (per-
pendicularly to the slit). b Direc-
tional mechanical sensitivity of 
slits under uni-axial compressive 
far-Weld loads. c and c Slit face 
deformation along slits for 
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fan-like slit pattern based on a lyriform organ on the chelic-
era of C. salei (Fig. 5a). Accordingly, the Dd/Dsc value of
the longest slit is 1.2 at a load direction of  = 90° and that
of the smaller slits is less than 0.16 for  between approxi-
mately 80° and 150° (Fig. 5b). Loads acting in directions
between  = 15° and 30° are only detected at high magni-
tudes (Dd/Dsc t 0.035). This illustrates the very directional
mechanical sensitivity of this slit pattern for low to moderate
loads (Dd/Dsc = 1.2), and the more omni-directional
response at high loads (Dd/Dsc · 0.08), which is in contrast
to the idealized fan-like slit arrangements presented in Hößl
et al. (2007). The reason for this diVerence in behavior may
be found in the graded slit lengths in the lyriform organ on
the chelicera.
The measured and simulated slit face deformations 
of organ HS8
Interaction with HS9
Lyriform organs may be positioned in close neighborhood
so that interaction eVects between the organs may be
encountered (Barth and Libera 1970). On the posterior face
of the tibia of C. salei, two triangular lyriform organs, HS8
and HS9, are found in close proximity (Fig. 6a). The orien-
tations of the two organs diVer by approximately 26° and
their distance from each other is approximately the size of
the longest slit in the arrangements. Therefore, in agree-
ment with Hößl et al. (2006), interaction eVects are to be
expected between the organs. Two diVerent models were
built, one containing both lyriform organs, HS8 and HS9,
and the other only HS8. The comparison of the predictions
of the two models shows obvious interaction eVects, which
pertain to the magnitudes of Dd/Dsc of the slits 1–3 only
(Fig. 6c, d). According to these simulations using planar FE
models of HS8 (Fig. 2d) and of HS8 interacting with HS9
(Fig. 6b, c), the slits are most sensitive to uni-directional
loads at angles between approximately  = 60° and 135°.
The ranges of stress magnitude to which HS8 and HS9
respond overlap and cannot clearly be separated.
Comparison with the original organ
Because organ HS8 is easily accessible to measurements in
live spiders and its mechanical stimulation can be well con-
trolled, the results of interferometric measurements can
meaningfully be compared with FE predictions. Figure 7a
shows how slit width changes with the deXection angle of
the metatarsus for the seven slits composing organ HS8, as
evaluated from white-light interferometric images (Fig. 7b,
b). Measured values of the slit face deformations and of
the applied force (symbols) as well as quadratic regression
curves (lines) are given as functions of the angle . At a lateral
force of 4 mN, which corresponds to a deXection of the
metatarsus by  = 3.8°, the longest slit (slit 1) is com-
pressed by approximately 860 nm (t39%). When the load
is further increased to 10 mN, which corresponds to a
deXection angle  = 9.3°, even the shortest slit (slit 7) in the
arrangement is deformed by approximately 80 nm. Since
the average strain of the organ is dominated by the defor-
mations of the slits, it can be approximated by the sum of
the measured slit face deformations divided by the width of
the organ, which for HS8 is approximately 100 m. For a
deXection angle of the metatarsus of  = 0.75° (which falls
within the detail in Fig. 7), where the regression curves for
the face deformations are practically linear, the sum of the
slit face deformations evaluated at the location of the den-
drites is approximately 555 nm (Fig. 7a), which gives an
average strain at the location of the organ of ¡5.55 £ 10¡3
(=¡5,550 ).
The model of the organ predicts the most uniformly
spaced sequence of activation of individual slits for a load-
ing angle of  t 110° (Fig. 6c), which is taken to be the
direction of maximum sensitivity to uniaxial far-Weld loads
Fig. 4 Comparison of models based on organs VS5 of a C. salei and
b the bird spider Aphonopelma. a Face deformation of the smaller slit
is 1/3 the value of the longer slit at  = 90°. b Slits 1, 2 and 3 and slits
4, 6 and 7 form groups of mechanical sensitivity measuring similar
load levels each at  = 90° (black circles). Slit face deformation eval-
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the face deformations corresponds closely to the sequencea Fan−like123
and is used in the following comparisons. When the planar
FE model of HS8 is loaded by a far-Weld strain of
a,r = ¡2.5 £ 10¡5 acting at  = 110°, an average strain at
the position of the organ of approximately ¡4.49 £ 10¡5
(=¡44.9 ) is predicted. Accordingly, for the model, the
far-Weld strain required for obtaining the above average
strain at the position of the organ, ¡5.55 £ 10¡3, is evalu-
ated as a,r = ¡3.09 £ 10¡3 (=¡3,090 ). Using this
applied strain, the face deformation of slit 1 is predicted to
be approximately 206 nm (Fig. 8a), which is close to the
value of 218 nm (diVerence 5%) obtained by quadratic
regression from the measurements on the actual organ
(Fig. 8b). In addition, in the measurements and in the simu-
lations, the sequence of the slits in terms of magnitude of
of slit lengths (Fig. 8a, b). This indicates that the models
used for FE analysis are well suited to estimating the slit
face deformations of real lyriform organs.
In Fig. 7a, the regression curve for the force closely
approaches a linear dependence on the deXection angle of
the metatarsus with F [mN] = 1.06  [°]. The threshold
deXection angles of the metatarsus, which elicit nervous
impulses of the sensory cells, as previously measured elec-
trophysiologically (Barth and Bohnenberger 1978), were all
below 1°. The slit face displacements corresponding to
these threshold angles and derived from our interferometric
data are t1.7 nm for slit 2, t14 nm for slit 3, t37 nm for
slit 4, t43 nm for slit 5, and t10 nm for slit 6 (see Wlled
black circles in detail of Fig. 7a).
Interactions between a lyriform organ and a closely 
positioned loose group of slits
After having investigated the mechanical interaction of two
neighboring lyriform organs (HS8 and HS9), we now ask
for the interaction eVects between a lyriform organ and a
nearby loose group of slits. The example chosen is the tri-
angular lyriform organ HS3. Here, the closest longitudinal
distance between the organ HS3 and the slits of the loose
group is 0.3 l0, and the closest lateral distance is 0.6 l0
(Fig. 9a). The interaction eVects are clearly seen when com-
paring the response of HS3 (slits 1–11) in the presence
(Fig. 9a, a) and absence (Fig. 9b, b) of the nearby loose
group (slits 12–27). The magnitudes of Dd/Dsc, the direc-
tions of maximum sensitivity, and also the order of the slits
in terms of maximum mechanical sensitivity in the slit pat-
tern change for the lyriform organ in the presence of the
nearby loose group. Remarkably, slit 1 has a more omni-
directional response when the organ HS3 is isolated due to
the absence of shielding by the slits of the loose group.
The combination of HS3 with the loose group of slits
increases the working range and the directional sensitivity
of the ensemble. The maximum slit face deformation in the
loose group, in slit 13, is approximately 3.5 times larger
than that of the longest slit, slit 1, of the lyriform organ.
Accordingly, as load levels increase for  t 90°, Wrst the
slits of the loose group respond (Fig. 9a), followed by the
slits of the lyriform organ (Fig. 9a). The highest sensitivi-
ties of the slits of the loose group are found at load direc-
tions close to  = 90°, whereas at larger loads a Wne
resolution of load direction between  = 0° and 120° can
be obtained by organ HS3. At  = 90°, slit 1 is shielded by
the other slits in the arrangement (compare Fig. 9a, b). Slit
1 in HS3, in contrast to the remaining slits of the organ, is
most sensitive at  t 10° with and without the presence of
the loose group of slits.
Fig. 5 a Hybrid fan-like triangular slit pattern based on cheliceral lyr-
iform organ of C. salei. b Directional mechanical sensitivity to uni-ax-
ial compressive far-Weld loads
b99
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Fig. 6 Results of FE simula-




Organ HS8 is unique among the lyriform organs with
regard to the diversity of studies done on it. Apart from the
present FE simulations and interferometric analyses, these
include earlier electrophysiological studies (Barth and
Bohnenberger 1978; Bohnenberger 1981). The results of all
these studies agree in important aspects: (1) the amount of
maximum slit face deformation found in the longest slit in
the simulations is in good agreement with the interferomet-
rically measured value (only 5% diVerence); (2) the order
of the slits in terms of threshold stimulus amplitudes elicit-
ing action potentials corresponds to the order of the magni-
tudes of slit face displacements found with both
interferometry and FE modeling (Fig. 8). In the following,
some quantitative details are given.
The threshold stimulus amplitudes reported in Barth and
Bohnenberger (1978) correspond to slit face displacements
of t43 nm (slit 4) or less. For slit 2, which is the most
sensitive slit analyzed electrophysiologically in HS8, the
physiologically eVective threshold stimulus amplitude
corresponds to a slit compression of 1.7 nm only (Bohnen-
berger 1981). This is close to the value of 3 nm as estimated
for slit 1 by Blickhan (1983) when exposed to natural
strains (¡1.4 £ 10¡5 or ¡14 ) measured with micro
strain gauges in live spiders during slow locomotion. Our
FE simulations show a slit face deformation of 1.7 nm of
slit 2 (Dsc = 8.6 nm) at  t 110° for an applied uni-axial
far-Weld strain of ¡1.8 £ 10¡5 (¡18 ), which again is
well within the range measured by Blickhan and Barth
(1985). The deformation values now found for the slit sen-
silla can be compared to those obtained from recent micro-
mechanical studies (Schaber and Barth, in preparation) on
spider airXow sensors (trichobothria). The deXection of the
hair shaft of these sensors at the site of stimulus transduc-
tion is about 6 nm/° and only 0.06 nm at the lowest physio-
logically eVective hair deXection of 0.01° (Barth and Höller
1999), a displacement value similar to those known for
insects (Gnatzy and Tautz 1980; Thurm 1982). Larger val-
ues are found for the compression of slit sensilla. However,
ties of neighboring lyriform 
organs, HS8 and HS9, on the tib-
ia of C. salei. a Models of the or-
gans, orientation, distance and 
locations of the dendrites (red 
Wlled circles) taken from SEM 
images. Distance between HS8 
and HS9 is to scale. b Direc-
tional responses of the slits 1–10 
of organ HS9 interacting with 
organ HS8. c Directional re-
sponses of the slits of organ HS8 
interacting with organ HS9. d 
Response of the organ HS8 in 
isolation. The inner parts of the 
polar diagrams are shown in de-
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these displacements are scaled down on their way to the
dendrite proper (Barth 2002).
Blickhan (1986) reported a nonlinear and hysteretic rela-
tionship between the force applied at the tip of the meta-
tarsus and its deXection (maximum ca. 20°), diVerent from
the linear response shown in Fig. 7. This discrepancy is
probably due to the visco-elastic material behavior of the
cuticle and the fact that Blickhan (1986) used cyclic loads,
whereas our measurements were quasistatic.
From simple generalized to more realistic slit patterns
Generalized patterns
The generalized patterns of lyriform slit sense organs pre-
viously examined (Barth et al. 1984) are: (1) oblique bar
formation (slits of equal length, but laterally shifted and
all of them sensitive to same load magnitude and direc-
tion; potential increase of the signal to noise ratio by cen-
tral convergence of nervous signals); (2) triangular
patterns (slits of graded length; considerable increase of
working range for load magnitude as compared to a single
slit); (3) heart shaped or fan-like arrangements (with the
potential of sensing load direction based on the patterns of
active slits).
Broken symmetry
For slits spaced as closely as in actual lyriform organs
(S/l0 = 0.04), symmetric triangular arrangements cannot be
used for range fractionation, that is, for measuring diVerent
neighboring response ranges for load magnitudes, because
all shorter slits are too strongly shielded by the longest slit
(Hößl et al. 2007). However, even a slight longitudinal
shift between the largest slit and its neighbor, which is
a prominent feature of most arachnid lyriform organs
Fig. 7 a Slit face deformations Dd in lyriform organ HS8 of C. salei
measured using white-light interferometry. Note linear increase of
force (scale on right side of the diagram) required to deXect the meta-
tarsus by angle  (solid red line). Experimental results are given as
symbols, and the lines are quadratic regression curves. Black dots in
enlarged detail indicate deXection angles  for the electrophysiologi-
cally measured threshold stimulus amplitudes of slits 2–6 (Barth and
Bohnenberger 1978). b White-light interferometric images of lyriform
organ HS8 in undeformed and b deformed condition ( = 8.5°). Col-
or code represents distance in out-of-plane direction; arrowheads point
to the attachment sites of the dendrites where the widths of the slits
were measured
b b'
Fig. 8 Face deformations of the slits of organ HS8 at a deXection an-
gle of the metatarsus of  = 0.75° according to a FE analysis at
 = 110°, scaled to a far-Weld strain of a,r = ¡3.09 £ 10¡3 (compare
Fig. 2c) and b interferometric (IF) measurements
a
b101
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Fig. 9 Von Mises stresses a123
(see e.g., organ VS4, Fig. 3a), eVectively reduces this eVect.
Remarkably, the slits of an asymmetric triangular arrange-
ment can also be used to measure similar load magnitude
ranges, employing slits of diVerent length (see e.g., organ
VS5 of the bird spider Aphonopelma, Fig. 4b, b). This
characteristic was so far thought to be typical only for
oblique bar formations (Barth et al. 1984; Hößl et al.
2007).
Lyriform organs and nearby groups of slits
Mechanical interactions between loose groups and lyriform
organs and between neighboring lyriform organs must be
expected if the minimum distance between them is less than
approximately three times the length of the longest slit in
the arrangement (Hößl et al. 2006). There are several exam-
ples found on the walking legs of C. salei where this is the
(MPa) at organ HS3 on the coxa 
of C. salei loaded at  = 90° and 
interacting with a loose group of 
slits. a HS3 near loose group of 
slits, b isolated lyriform organ 
HS3. Regions of high stresses 
are shown in red and regions of 
low stresses in blue; white ar-
rows point to regions of highest 
stresses. a and a Directional 
mechanical sensitivity of the or-
gan HS3 interacting with the 
slits of the loose group. b Direc-
tional response of slits of HS3 in 
absence of the loose group. Red 
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longest slit in the group, interaction eVects are much less123
case (Barth and Libera 1970). In most of these cases, trian-
gular formations of lyriform organs are involved. The prin-
ciple behind the close neighborhood between lyriform
organs or between lyriform organs and loose groups
appears to be an increase of the working range regarding
load levels in a particular region of the exoskeleton
(Figs. 6, 9). Interacting lyriform organs are found in stiVen-
ing rings (e.g., organs HS8 and HS9, Fig. 6), whereas inter-
acting arrangements of a lyriform organ and a loose group
are found in Xat regions of the exoskeleton (e.g., organ
HS3, Fig. 9).
Because the closest distance between neighboring slits in
loose groups is typically ¸0.25 times the length of the
pronounced than in lyriform organs. Therefore, although
extending over a larger area, a loose group has the advan-
tage of the slit face displacements being less sensitive to
changes of the geometrical arrangement of the slits with
respect to each other, i.e., position, orientation and length
of the slit. This implies a high diversity in the number, posi-
tion, and size of the slits within such arrangements, which
indeed can be found when the loose group investigated here
is compared to those presented in Barth and Libera (1970).
Dendrite positions
In models imitating lyriform organs, the maxima of the slit
face displacements typically are not found at the mid-length
of the slits due to the broken symmetry of the slit patterns
and the gradations in the length of the slit (Figs. 2c, c; 3c,
c). In general, when the direction of a uni-directional load
is altered, the positions of the maxima of the face deforma-
tions along the slits change as they do in generic slit
arrangements (Hößl et al. 2007). For instance, in slit 1 of
organ VS3, the diVerence between dendrite position and
maximum face displacement is approximately 0.18 l0 for
 = 90° and 0.22 l0 for  = 60°. This is less than the value
of 0.29 l0 estimated earlier (Hößl et al. 2007) on the basis of
a generic oblique bar formation consisting of Wve perfectly
parallel slits of equal length. Even larger diVerences
between the actual positions of the dendrites and the maxi-
mum face displacements predicted by the models were
found for the triangular formation of VS4. For  = 90° and
60°, the shift of the dendrite from the position of maximum
face displacement in slit 1 is approximately 0.37 l0. There-
fore, in agreement with Barth et al. (1984) and Hößl et al.
(2007), even in the more reWned models based on the pro-
jected geometries of real lyriform organs, the positions of
the maximum slit face displacements, which depend on the
loading direction, do not always correspond exactly to the
positions of the dendrite attachment sites in real organs.
This may indicate that they are designed for maximum sen-
sitivity to loads from a certain range of directions. Vice
versa, the dendrite positions in the individual slits may indi-
cate the main load direction to be expected under natural
conditions.
Stress concentration factors
Because slits represent openings in the cuticle, these give
rise to local stress concentrations at their ends, which can be
described by stress concentration factors (SCF = local maxi-
mum equivalent stress/far-Weld stress) (Peterson 1974).
Obviously, the slit sensilla of spiders keep the SCF at safe
levels that do not give rise to failure of the cuticular mate-
rial. Dangerous stress concentrations in the exocuticle are
Fig. 10 Structural details of tibial lyriform organs VS5 and HS8 and
of the metatarsal organ HS10 of C. salei. a SEM surface image of or-
gan HS10 (inset) and of fracture perpendicular to its slits. b SEM sur-
face image of organ VS5 (inset) and of the fracture along the long axis
of the longer slit. c Semi-thin section normal to the longitudinal axes
of HS8 slits close to the location of dendrite of the smallest slit (see ar-
row) in the arrangement (Müllan 2005). Black arrows in the insets of
(a) and (b) point to the location of the fracture. White lines in (a) and
(b) indicate the orientations of cuticular lamellae. Ex exocuticle, M.o.
outer membrane, M.i. inner membrane. The length of the scale bars in
the insets corresponds to 50 m103
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which is the highest value found in the present study (seeTable 1 Predicted stress concentration factors (SCF) at the tips of the123
probably avoided by the particular alignment of the lamel-
lae (Barth 1972, 1973) and the chitinous microWbers (Mül-
lan 2005) close to the slits, which can be visualized by
fracturing the cuticle along and transversely to the slits
(Müllan 2005) as shown for organs HS10 (Fig. 10a) and
VS5 (Fig. 10b). Typically, the lamellae are not parallel to
the surface of the cuticle close to the slits. In addition, the
exocuticle is thickened in regions where stress concentra-
tions may be expected, as shown by semi-thin sections
(Fig. 10c).
Fringe plots can be used to visualize the stress concen-
trations within arrangements of slits obtained with our
models, which do not fully describe the complex morphol-
ogy of lyriform organs, but rather homogeneous, in-plane
isotropic plates of constant thickness. Under these condi-
tions, the SCF depend on the radii of the rounded ends of
the slits, on the slit aspect ratio, on the interaction between
individual slits and on the loading direction. The SCF at the
ends of a single isolated capped rectangular slit with an
aspect ratio of l/b = 100 is about 22. When the aspect ratio
is reduced to l/b = 2.5, the SCF decreases to 4.2, which is
close to that of a circular opening (SCF = 3). For ellipses
with aspect ratios of 2.5, as found in insect campaniform
sensilla, an SCF of approximately 6 is found.
The results found in homogeneous plates of constant
thickness indicate a correlation between the mechanical
sensitivity of the slit sensilla (in terms of slit face deforma-
tion) and the SCF. High stress concentration factors are
found when ampliWcation eVects between the slits deter-
mine the slit face displacements of slit sensilla. In the
model of the loose group of slits closely neighboring organ
HS3, the SCF is approximately 29 (max. Dd/Dsc t 2.2),
Table 1). Note that there is a nonlinear relation between the
Dd/Dsc and the SCF as seen from a comparison between
HS3 and a single isolated slit (SCF t 22; Dd/Dsc = 1).
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Abstract The metatarsal lyriform organ of the spider
Cupiennius salei is a vibration detector consisting of 21
cuticular slits supplied by two sensory cells each, one end-
ing in the outer and the other at the inner slit membrane. In
search of functional diVerences between the two cell types
due to diVerences in stimulus transmission, we analyzed (1)
the adaptation of responses to electrical stimulation, (2) the
thresholds for mechanical stimulation and (3) the represen-
tation of male courtship vibrations using intracellular
recording and staining techniques. Single- and multi-spik-
ing receptor neurons were found among both cell types,
which showed high-pass Wlter characteristics. Below 100-Hz
threshold, tarsal deXections were between 1° and 10°. At
higher frequencies, they decreased down to values as small
as 0.05°, corresponding to 4.5-nm tarsal deXection in the
most sensitive cases. DiVerent slits in the organ and recep-
tor cells with slow or fast adaptation did not diVer in this
regard. When stimulated with male courtship vibrations,
both types of receptor cells again did not diVer signiWcantly
regarding number of action potentials, latency and synchro-
nization coeYcients. Surprisingly, the diVerences in den-
drite coupling were not reXected by the physiological
responses of the two cell types innervating the slits.
Keywords Cupiennius salei · Compound slit sense organ · 
Vibration receptor · Current clamp recording · Courtship 
vibrations
Introduction
For the vast majority of spiders, vibratory information is of
overwhelming behavioral signiWcance. A case intensively
studied in this regard is Cupiennius salei, a wandering spi-
der that is active in the night (Barth 1997).
As in other spiders, the metatarsal organ in C. salei
(a compound or ‘lyriform’ slit sense organ) is the main
vibration detector (Barth and Geethabali 1982; Speck and
Barth 1982; Speck-Hergenröder and Barth 1988). This
organ is well suited for the reception of substrate vibrations
due to its dorsal position on the metatarsus (asterisk in
Fig. 1a), the orientation of its slits perpendicular to the long
axis of the leg and the presence of a stimulus-transmitting
cuticular pad (bold arrow in Fig. 1a), which exhibits pro-
nounced high-pass properties due to its viscoelasticity and
therefore is important in shaping the threshold response
curve (see below) (Barth 2002 and McConney et al. 2007).
In C. salei, the metatarsal organ (HS10, nomenclature of
Barth and Libera 1970) comprises 21 slits (Fig. 2a), which
are between ca. 20 and 120-m long (Barth 1971). Each slit
is innervated by two bipolar receptor cells: one of them
ends at the inner cuticular membrane of the slit without
obvious morphological specialization and the other one ter-
minates in an elaborate coupling cylinder in the outer mem-
brane covering the slit (Fig. 2d; Barth 1971).
Cupiennius salei lives on bromeliads, banana plants and
agaves in the tropical forests of Central America (Barth and
Seyfarth 1979). Like many other spiders, C. salei uses
vibrations to detect prey and predators. During its elaborate
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techniques (Gingl et al. 2006) and the subsequent dye injec-123
courtship, species-speciWc patterns of vibratory signals
(Schüch and Barth 1990) ensure reproductive isolation
(Rovner and Barth 1981; Barth and Schmitt 1991; Barth
1997). According to behavioral experiments, the females
are tuned to both temporal and spectral characteristics of
the male opisthosomal signals (Schüch and Barth 1990).
Extracellular recordings from female vibration receptors
(Baurecht and Barth 1992, 1993) showed the particular
importance of individual signal parameters during court-
ship and provided evidence for parallel processing of the
opisthosomal and pedipalpal signals by diVerent slits.
While the responses recorded in these studies are believed
to have come exclusively or at least largely from the sen-
sory neurons ending in the outer membrane of the slits, the
particular role of the receptor cells ending at the inner
membrane of the slits remains unknown.
Thus, a most puzzling question still remains: how do the
response characteristics of the receptor cells ending in the
outer and at the inner membrane of a slit diVer? Consider-
ing the obvious diVerences in their mechanical coupling to
the slit, a diVerence seems indeed likely.
The objective of the present work was to determine pos-
sible functional diVerences between the two receptor cell
types, due to their diVerent coupling to the slit, by studying
their threshold curves and their responses to male vibratory
courtship signals. The application of intracellular recording
tion were fundamental prerequisites for being able to safely
identify the cells and distinguish between the two types.
Our results extend previous work done with another
lyriform organ, VS3, on the patella of the spider leg
(Höger and Seyfarth 2001) and several studies summa-
rized by French et al. (2002). Contrary to these studies on
VS3, however, which concentrated on an analysis of
processes of stimulus transduction and on membrane
physiology, the present study focused on the potential
eVect of diVerences in stimulus transmission on the physi-
ological response of the two cells innervating a slit.
Consequently, in the present study, the processes of stimu-
lus transmission had to be left intact and the organ was not
isolated. Also, diVerent from the studies on VS3, mechani-
cal stimulation of the vibration sensor HS10 occurred in a
natural way instead of by the localized pressure onto the
organ generated by the small tip (diameter ca. 50 m) of a
stylus, which was displaced as much as 4 m and oriented
perpendicular to the exoskeleton’s surface (Höger et al.
1997; Höger and Seyfarth 2001).
Materials and methods
Animals
Adult females of the Central American hunting spider
C. salei Keys. (Barth 2002) from our laboratory stock were
used for the experiments. Isolated legs were obtained by
mechanically inducing autotomy between coxa and tro-
chanter. The preparation, dissection (cuticular window
close to HS10) and Wxation of the legs onto a Plexiglas®
holder followed Gingl et al. (2006).
Distribution of the sensory cells of HS10
To allow proper intracellular recording and morphological
identiWcation (assignment to a particular slit and soma size
group), the number, size and distribution of the receptor
cells were studied in detail in the metatarsal organ (HS10).
Whole mounts of the metatarsus–tarsus joint with a cuticu-
lar window close to HS10 were stained with 4% methylene
blue dissolved in AAF (AAF = 1 ml 37% formaldehyde,
0.5 ml glacial acetic acid and 8.5 ml absolute ethanol).
When the area of interest appeared in light blue, staining
was stopped by washing brieXy with distilled water and
Wxing overnight at room temperature in 12% ammonium
heptamolybdate-tetrahydrate dissolved in distilled water.
The entire group of receptor neurons was removed from the
Wxed whole mount and photographed with a CCD camera
(Sony, DXC-950P) attached to a light microscope (Leitz,
Laborlux D).
Fig. 1 Mechanical stimulation of HS10. a Asterisk indicates position
of HS10, short arrow that of the window cut into the cuticle for record-
ing, and bold arrow indicates position of the cuticular pad. b Sample
trace with threshold response of a sensory cell in HS10 mechanically
stimulated at 5 Hz and ranging from 0 to 72 m in displacement ampli-
tude. Arrow shows deXection amplitude of tarsus at threshold108
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Fig. 2 Metatarsal vibration-123
Controls for unwanted mechanical eVects
For recording from the sensory cells intracellularly, a win-
dow was cut into the cuticle of the autotomized leg slightly
proximal to the organ (Gingl et al. 2006). The following
controls were used to evaluate possible mechanical eVects
of this procedure on the organ’s mechanical stimulation.
(1) The overall compression of HS10 by vertically dis-
placing the tarsus was the same in intact and autotomized
legs as seen with an optical resolution of around 2 m and
using image analysis software (Lucia, Laboratory Imaging
Ltd). (2) We also measured the displacement of the distal
edge of the cuticular window cut into the skeleton behind
HS10 by tarsal upward deXection (Fig. 1a). Even at values
of  = 50° ( being the angle between tarsus and metatar-
sus), we could not measure any displacement of the edge of
the cuticular window indicating the absence of a “weaken-
ing” eVect relevant at the small forces used to adequately
stimulate HS10 by tarsal deXection. Only when  = 55°, the
forces applied produce an average displacement of the dis-
tal edge of the cuticular window of 4.36 § 2.13 m (n = 4).
Importantly, in our experiments,  never exceeded 35° and
often was even way below this value, since it takes a value
of at most 10° only to elicit threshold responses in sensory
cells (Fig. 3a–c).
Recordings of natural courtship signals
A bromeliad (Aechmea fasciata) with two accelerometers
(Brüel & Kjaer 4374) waxed onto the mid region of diVer-
ent leaves was used to record courtship signals as previ-
ously done (Schüch and Barth 1985). The output of the
sensitive organ HS10 in Cupien-
nius salei. a Distribution and 
size of the receptor cells in a 
preparation with 38 identiWable 
somata. The somata and slits are 
not to scale (somata are 1.5 times 
magniWed in comparison to 
HS10 size). b Receptor cell la-
beled with Oregon Green-Avi-
din and showing axon (ax), a 
large soma (so) and dendrite (de) 
innervating a slit of group A 
(preparation observed from in-
side the leg). c Dendrite of an-
other receptor cell developed 
with Oregon Green-Avidin; note 
mitochondrion-rich swelling and 
dendrite connection. Inset, the 
same dendrite magniWed. 
d Transversal view of a histolog-
ical slice showing a dendrite 
labeled with the DAB method. 
Left inset, the same dendrite 
ending at the inner membrane; 
right inset, another dendrite 
passing through the inner 
membrane to the outer 
membrane. In both insets, the 
position of the inner membrane 
is marked by an arrow. 
e Number of receptor cells 
studied electrophysiologically 
according to soma sizes and type 
of response to electrical 
stimulation109
1034 J Comp Physiol A (2009) 195:1031–1041
accelerometers was ampliWed using a charge ampliWer with123
integrator (Brüel & Kjaer 2635). Male and female courtship
signals were digitized with an analog-digital converter
(CED 1401) and stored on a computer using the software
Spike 2 (Cambridge Electronic Design, Spike 2 5.08).
Females of C. salei were allowed to move on the brome-
liad to ensure the presence of dragline silk with sexual
pheromone on the leaves (Tichy et al. 2001). Later, pairs of
male and female were put on diVerent leaves of the same
plant (average distance between male and female, 50 cm)
and pre-copulatory vibratory communication initiated
(Barth 1997, 2002). The experiments were performed at
room temperature (25–27°C).
Intracellular recordings and stainings
Current clamp recordings from the sensory cell somata
were performed technically following Gingl et al. (2006).
Quartz-glass electrodes were pulled using a horizontal laser
puller (Sutter Instrument, P-2000) and their tips Wlled with
5% neurobiotin (Vector, SP-1120) in 1 M potassium ace-
tate, while their shank contained 1 M potassium acetate
only. Electrode resistances ranged between 30 and 100 M
during the experiments.
After having recorded their activity, the receptor cells
were stained with neurobiotin applying no less than
0.5 nA positive DC current through the electrode for
more than 10 min. After staining, the tracer was allowed
to diVuse for at least 1 h. For overnight Wxation at 4°C,
we applied 4% paraformaldehyde in Millonig’s phosphate
buVer. The neurobiotin tracer was detected either with
the Oregon Green-avidin (Molecular Probes, A-6374)
method (Anton et al. 2003) or with the DAB-method
(Vector Laboratories, Elite ABC Kit, PK-6100). After
incubation, the samples were washed three times for
10 min with Millonig’s phosphate buVer, dehydrated by
immersion in the alcohol series and observed either with
an epiXuorescence microscope or a light microscope in
methyl salicylate. To reliably identify the connectivity
of individual receptor cells with a particular slit, the path
of their dendrites was followed from the soma up to the
corresponding slit. For this purpose, the metatarsal organ
was cut out together with the cuticular window and
observed from inside the leg segment with an epiXuores-
cence microscope.
For technical reasons, we did not record from both sen-
sory cells of the same slit. One problem was that the precise
location of the cells was not known with the necessary spa-
tial resolution, and another was that tracing the histologi-
cally labeled dendrites would have been much more
diYcult.
Fig. 3 Threshold responses of HS10 to mechanical sinusoidal stimu-
lation. a Average response thresholds of receptor cells innervating
diVerent slits. b Average response thresholds at vertical tarsus deXec-
tion of sensory cells showing multi- or single-spike response properties
when stimulated electrically. c Average threshold responses with stan-
dard deviation of vertical tarsus deXection obtained from receptor cells
innervating the outer or inner slit, respectively. The number of trials
(electrical or mechanical stimulation) applied to each preparation was
normally one. Exceptionally, stable recordings allowed some repeti-
tions110
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In this study, it was crucial to safely determine whether the
sensory cell from which recording was done ended in the
outer or at the inner slit membrane. Accordingly, the fol-
lowing procedures were applied to the cells, which had
been intracellularly stained with neurobiotin. Samples
treated with methyl salicylate were washed three times for
10 min with acetone, followed by 6 h of impregnation with
a 1:1 mixture of acetone:epoxy resin (modiWed after Spurr
1969; 10 g ERL 4206, 6 g DER 736, 26 g NSA, 0.4 g
DMAE; Serva). Then the samples were transferred to pure
resin for 1 h and Wnally to fresh resin. Complete polymeri-
zation took place at 70°C within 2 days. After cooling, the
blocks with the samples were stored at 4°C. Serial slices,
8 m thick, were cut perpendicular to the long axis of the
slits with a microtome (Reichert, 403354) and a tungsten
knife (Reichert-Jung, D-proWle). Cover glasses were
mounted with Fluoromount (Serva, 21648) and photo-
graphs of the slices taken with an epiXuorescence micro-
scope and a CCD camera (see Fig. 2b–d).
Stimulation and recording
Threshold curves
Electrical stimulation followed Gingl et al. (2006), while
mechanical stimuli were generated with a feedback-con-
trolled electrodynamic shaker (Ling Dynamic Systems,
V101) mounted separately from the air table with the
recording equipment to avoid unwanted vibrations of the
setup.
Sinusoidal vibrations between 5 and 1,000 Hz with
amplitudes of up to 72-m peak to peak (pp) at 5–100 Hz,
up to 5.8 m (pp) at 400 Hz, and up to 2.2 m (pp) at 600
and 1,000 Hz were generated using computer software
(Sony, Sound Forge 6.0). DiVerent stimulus frequencies
were applied in random order using a hook contacting the
most distal part of the tarsus (Gingl et al. 2006). To assure
mechanical stimulation, the zero position (which corre-
sponded to an angle  of approximately 25°; see Fig. 1a)
was adjusted as a light contact between the proximal part of
the tarsus and the distal part of the metatarsus (Barth and
Geethabali 1982). Threshold deXection amplitudes were
deWned as those amplitudes (peak to peak in micrometer) at
which one or two action potentials occurred over back-
ground activity, of which there was none in many cases, at
each frequency tested (Fig. 1b) (Barth and Geethabali
1982).
The deXection amplitudes actually applied to the tarsus
with the electrodynamic shaker were measured and cali-
brated using a laser Doppler vibrometer (Polytec, OFV
2100HR).
Natural courtship signals
Natural courtship signals were attenuated to diVerent
degrees and fed to the shaker using computer software
(Sony, Sound Forge 6.0). Male opisthosomal signals with
eight syllables and 200-ms pauses between them were used
as a standard opisthosomal signal (Fig. 4a).
Two groups of experiments were performed: (1) to eval-
uate the eVects of syllable amplitude, series with eight syl-
lables of male opisthosomal signals with decreasing
amplitude (200, 100, 50, 25 and 13 mm/s2) were tested
(Fig. 4b); (2) to evaluate the response of the receptor cells
to diVerent duty cycles (DCs) (known to be of particular
behavioral relevance; Schüch and Barth 1990), opisthosomal
vibrations with diVerent pause durations (PDs) between
syllables were tested (50, 200 and 400 ms, implying sylla-
ble repetition rates (SRRs) of 8, 4 and 2/s, and DCs of 67.7,
34.5 and 20.8%). Acceleration amplitudes of 100 mm/s2,
which are well above threshold (Barth and Geethabali
1982; Baurecht and Barth 1992, 1993), were used in these
experiments.
The degree of synchronization between action potentials
and vibration syllable (copying properties) was expressed
by the coeYcient of synchronization (Schildberger 1984),
which ranges between 1 for perfect copying and 0 for no
copying at all.
Data evaluation
Threshold curves, courtship signals and the responses of
the receptor cells were stored using recording software
(NPI Electronics, Cell Works 5.5), digitized with an ana-
log-digital converter (NPI Electronics, INT-20X) and
analyzed using Spike 2 (Cambridge Electronic Design,
Spike 2 5.08) and standard software. The signiWcance of
diVerences between the means of the values obtained was
Fig. 4 Male opisthosomal vibrations. a Standard series of eight sylla-
bles. b Series of eight male opisthosomal syllables with diVerent
amplitudes. DC duty cycle, P pause, S syllable, SRR syllable repetition
rate111
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Table 1 Recordings from sen- Slit designation Response to electrical stimulation123
tested with the Student’s two-tailed t test, assuming diVer-
ent variances (Zar 1999). ANOVAs were performed with
SigmaStat (Systat Software Inc., SigmaStat) and SPSS
15.0.
Results
Assignment of sensory cells to slits
Although HS10 has been extensively studied in C. salei,
the size and distribution of the receptor cells in the organ,
which are relevant for their identiWcation, have so far not
been described. The spindle-shaped cell bodies of the
receptor cells form four clusters, which reXect the
arrangement of the slits in this lyriform organ (Fig. 2a).
According to a total of 152 intracellular stainings, soma
sizes fall into four groups as well: (1) a main group
(n = 63 somata) with long axes measuring ca. 50 m and
wide axes close to 20 m, (2) a second group (n = 50
somata) with soma sizes of around 65 by 20 m, (3) a
small group (n = 29 somata) with somata close to 45 by
15 m and (4) few cells (n = 10 somata) with large long
and wide axes (80 by 25 m, respectively). Soma sizes
correlate neither with the length of the cuticular slits nor
with the four clusters of the receptor cells or those of the
arrangement of the slits shown in Fig. 2a. However,
the position of each soma does reXect the arrangement of
the slits in the organ (Fig. 2a). In no case did a dendrite of
a receptor cell cross from one side of the organ to the
other (Fig. 2b). Up to 38 cells were found to innervate
HS10, and cells with large somata were always located
proximally while cells with small somata were frequently
found more distally. The positions and sizes of the
neurons are similar in each leg and in diVerent animals
(data not shown). Dendrite lengths ranged between 60 and
300 m.
No signiWcant diVerence between responses of the two 
sensory cells innervating a slit
Data used for the analysis presented in the following all
refer to receptor cells showing adequate resting potentials
(see below) and producing action potentials in response to
both electrical and mechanical stimulation.
Response to electrical stimulation
Stimulation of the receptor cells in HS10 with rectangular
current pulses of 40-ms duration elicited either one or sev-
eral action potentials, as has been previously shown (Gingl
et al. 2006; Table 1). The resting membrane potential of the
sensory cells showing multi-spike (69.14 § 10.51 mV,
n = 94) and single-spike patterns (66.89 § 9.82 mV,
n = 34), respectively, did not diVer signiWcantly (P = 0.26).
We found almost three times as many cells with multi-spike
(n = 94) than cells with single-spike response properties
(n = 34). In 73 of these experiments, it was possible to relate
the response properties of the cells to the slits they innervate.
Several times, both mechanoreceptor cells with short and
longer-lasting responses were found to innervate slits B, A,
11, 9, 8, 7, 6, 5 and 3 (Fig. 2a). When the soma size of the
receptor cells recorded from was compared to the response
properties on electrical stimulation in 128 experiments, the
average sizes of the multi-spike neurons (55.83 §
12.64 m) were found not to diVer (P = 0.73) from those of
the single-spike receptor cells (56.71 § 12.72 m).
Figure 2e shows the number of receptor cells recorded from
intracellularly and their response types seen with electrical
stimulation as a function of their soma sizes.
Response to mechanical stimulation
Threshold curves for 82 receptor cells were obtained from
metatarsal organs of the four pairs of legs. The overall
sory cells ending at the inner or 
in the outer membrane of the 
slits in the lyriform organ HS10: 
number and response type 
according to electrical 
stimulation
Multi spike Single spike
Inner membrane Outer membrane Inner membrane Outer membrane
B 2 0 1 0
A 1 2 0 0
11 4 1 0 0
9 4 1 2 0
8 2 1 0 0
7 1 0 1 0
6 4 1 0 1
5 1 2 1 0
3 3 1 0 0
Total 22 9 5 1112
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shape of the threshold curves was the same in diVerent slits, the amplitude of the opisthosomal signals was progres-
2123
from diVerent legs, and in diVerent animals: low sensitivi-
ties at low frequencies, steeply rising to higher sensitivities
at frequencies above around 40 Hz, and with no marked
tuning to limited frequency ranges (Fig. 3). Vertical tarsal
displacements (starting from the resting or zero position) of
around 35 m were needed to reach threshold at stimulus
frequencies between 5 and 40 Hz, and 13–20 m for fre-
quencies between 80 and 100 Hz. Displacements between
0.3 and 0.05 m suYced for frequencies in the range
between 400 and 1,000 Hz. Cases with extreme sensitivity
were observed in some receptor cells at 1,000 Hz, the high-
est frequency tested, with tarsal threshold displacements of
4.5 nm only. Threshold displacement of the tarsus thus cov-
ers a range of four orders of magnitude between low and
high frequencies. Measured in degrees, the vertical dis-
placements of the tarsus needed to elicit action potentials
were between 10° and 1° in the range 5–100 Hz, and less
than 1° and down to 0.005° at frequencies higher than
100 Hz (Fig. 3).
In 41 experiments, staining subsequent to intracellular
recording allowed us to unambiguously identify the slit
innervated by the sensory cell (Fig. 2). Comparisons of the
threshold curves obtained from diVerent receptor cells in
diVerent slits showed lower sensitivities at higher frequen-
cies for slits 3 and 5 than for slits 6, 7, 8, 9, 11 and A
(Fig. 3a). Single- and multi-spike receptor cells did not
diVer signiWcantly (ANOVA P = 0.96) with regard to their
average threshold curves (Fig. 3b).
Dendrite connection to slit
The dendrites of 37 receptor cells of HS10 could be unam-
biguously followed in histological slices up to their termi-
nation in the slit (Fig. 2). Multi- and single spiking neurons
were found several times to end at either the inner or the
outer membrane of the same slits (Table 1). Average
threshold curves from receptor cells ending at the inner
membranes of the slits showed a lower sensitivity at fre-
quencies higher than 100 Hz than the receptor cells inner-
vating the outer membrane (Fig. 3c). However, the
diVerences between both types of receptor cells were not
signiWcant (ANOVA P = 0.92).
EVects of signal amplitude on the neuronal response
Not having identiWed any signiWcant diVerence in the
response pattern of the two sensory cell types innervating a
slit, we hypothesized that natural stimulus patterns such as
the male courtship signal instead of simple sinusoidal
stimuli might reveal the diVerences we searched for.
As expected, the average frequency of action potentials
in response to the eight syllables of a series decreased when
sively reduced from 200 to 13 mm/s  (ANOVA P = 0.0019,
Fig. 5a). When the stimulus amplitude was large, the recep-
tor neurons innervating the inner membrane produced a
higher frequency of action potentials than those ending in
the outer membrane. Similarly, the neurons ending in the
outer membrane started to produce more action potentials
than the other cell type when the amplitude of the courtship
signal decreased. However, these diVerences were not sta-
tistically signiWcant (ANOVA P = 0.104; Fig. 5a).
A progressive, but not signiWcant (ANOVA P = 0.063),
increase in the latency time was observed with a reduction
in the amplitude of the signal (Fig. 5b). The response of the
neurons ending at the inner membrane had a longer latency
in all cases, but not signiWcantly so (ANOVA P = 0.01;
Fig. 5b).
The averaged synchronization coeYcients were very
similar (ANOVA P = 0.342) with no statistically signiW-
cant diVerences between the inner and outer receptor cells
(ANOVA P = 0.84; Fig. 5c).
Copying the temporal structure of the male courtship 
signals
A comparison of receptor cells innervating the outer and
inner membrane, respectively, showed that the former
responded to all syllables in a series of courtship vibrations
with more action potentials than the neurons ending at the
inner membrane of the slits. However, the diVerences were
not signiWcant (ANOVA P = 0.01; Fig. 6a). Likewise, inde-
pendent of the number of action potentials and the latency
of the response, the synchronization coeYcient showed no
statistically signiWcant diVerences between the two receptor
cell types (ANOVA P = 0.53; Fig. 6a) and between the
diVerent syllables within a series (ANOVA P = 0.73).
The response of a receptor cell of the metatarsal organ to
the standardized opisthosomal courtship vibrations was sig-
niWcantly higher (given in hertz per syllable) to the Wrst
opisthosomal syllable than to the rest of the syllables in a
series (ANOVA P < 0.0008; Fig. 6a, b). Not only did the
Wrst syllable lead to more action potentials, but also the
latency time was signiWcantly shorter (ANOVA P < 0.001)
than the one obtained for the subsequent syllables
(Fig. 6a, b). The only signiWcant diVerence found between
the two cell types was the latency of the receptor cell
response (Fig. 6a, b). It was shorter in the cells ending in
the outer membrane than those ending at the inner mem-
brane (ANOVA P = 0.007).
Varying the DC of the opisthosomal signal did change
the temporal pattern of the cell response, but did not aVect
the responses (measured in hertz) of the receptor cells in the
neurons ending at the inner and in the outer membrane
(Fig. 6a, b). No statistically relevant eVects were observed113
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cells innervating the inner and the outer membrane123
on the latencies and synchronization coeYcients either,
when the receptor cells of HS10 were exposed to series of
syllables with diVerent DCs (Fig. 6a–b). The receptor
responded in the same way.
Discussion
Controls for unwanted mechanical eVects
In spider legs isolated by autotomy and with a window
cut into the cuticle above the sensory cells, the overall
compression of HS10 was the same as in intact legs. At
tarsal deXection angles  < 50°, no displacement of the
distal edge of the cuticular window could be measured
(see Fig. 1a). Using white-light interferometry, Schaber
et al. (2005) and C.F. Schaber et al. (in prep.) showed that
in intact spiders, all slits of HS10, including the shortest
ones, are fully compressed at  = 40°–45° (that is at tarsal
deXection angles of 15° to 20° beyond the resting posi-
tion; Fig. 1a). These Wndings suggest that at least in the
physiological range tested in our experiments, no changes
in the mechanical sensitivity of HS10 due to mechanical
manipulations are to be expected. The similarity of the
threshold curves found in this study with those gained
earlier by extracellular recordings from intact animals
(Barth and Geethabali 1982) supports this argument.
Finally, it seems fair to assume that tiny mechanical
eVects of cutting the recording window not detected by us
would have inXuenced the responses of the two sensory
cells of a slit in the same way and thus not aVected the
main conclusions drawn from the experiments of the
present study.
Sensory cell distribution and morphology
The distribution pattern of the sensory cells in HS10 is
related to the arrangement of the cuticular slits in the organ
(Fig. 2a). Such a relation has also been found previously in
other lyriform organs of C. salei (HS8 and HS9: Seyfarth
and PXüger 1984; VS3: Seyfarth and French 1994; Fabian
and Seyfarth 1997). As in VS3 (Seyfarth and French 1994),
no diVerences between the legs or between animals were
observed in HS10, suggesting that the sensory cells in
general are arranged according to slit position in Cupiennius.
The largest cell bodies in HS10 (long axes »80 m) are
similar in size to the largest ones in organs HS8 and HS9
(Seyfarth and PXüger 1984) and VS3 (Fabian and Seyfarth
1997). In VS3 and HS8, sensory cells with the largest bod-
ies innervate the slits located in the center of the lyriform
array, while some of the smallest cells innervate the short-
est slits (Seyfarth and PXüger 1984; Fabian and Seyfarth
1997). We did not Wnd a similar pattern in HS10. Here, the
short slits of group B were innervated by sensory cells as
large as those for the longest slits 1 or 2 (see Fig. 2a). In
Fig. 5 EVects of the acceleration amplitude of the male courtship
vibrations on the response of the receptor cells. a Average frequency
of action potentials per syllable in a series increases with amplitude
(P = 0.0019). DiVerences between the sensory cells with regard to their
dendrite coupling were not signiWcant (P = 0.104). b Average response
latency of syllables within a series. Decrease in latency with amplitude
(P = 0.063) and diVerences between the two types of receptor cells
(P = 0.01) were not signiWcant. c Average synchronization coeYcient
of syllables within a series. No signiWcant diVerences with change in
amplitude (P = 0.342) or between the two cell types (P = 0.84) (n = 5
legs each for cells with dendrite ending at the inner or in the outer slit
membrane, respectively). Bars indicate standard deviation114
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HS10, large cell bodies were located further away from the
slits than small cell bodies (see Fig. 2a).
Response type independent of cell soma size and slit
Our present results conWrm (Gingl et al. 2006) that there are
multi-spike and single-spike receptor cell responses in
HS10 to rectangular electrical stimuli. Similar responses
have been obtained both for HS8 (unpublished data from
our group) and VS3 (Seyfarth and French 1994). Gingl
et al. (2006) suggested that cells with a longer lasting
response are the minority in experiments with HS10,
because smaller somata are diYcult to penetrate. However,
in our experiments, both response types were represented
by a large number of recordings from cells with similar
soma sizes (about 55 m in the long axis). Likewise, in
VS3, soma size and the response to electrical stimulation
did not correlate (Seyfarth and French 1994).
Indeed, in HS10, the response properties of the receptor
cells are not related to the soma size, the innervated slit or
to the ending of their dendrite at the slit’s inner or outer
membrane (see Table 1). Moreover, threshold curves of the
two types of neurons obtained with mechanical stimulation
did not diVer signiWcantly (see Fig. 3c).
In all lyriform organs studied so far in Cupiennius, the
response properties of the receptor cells as seen from
Fig. 6 EVect of pauses between syllables (and therefore DC) of the
opisthosomal vibrations on the response of the receptor neurons. Sig-
nal amplitude 100 mm/s2 in all cases. a Average frequency of action
potentials per syllable of receptor cells innervating the inner membrane
in response to vibration patterns diVering with respect to their DC. Due
to the long pauses of 400 ms, each series consisted of only seven
instead of eight syllables in all cases with DC = 20.8%. b Average fre-
quency of action potentials per syllable of receptor cells ending at the
outer membrane in response to opisthosomal vibration series with
diVerent DCs. DiVerences between cell types were not signiWcant
(P = 0.01). Note that there was a stronger response to the Wrst syllable
(P = 0.0008). a, b Average response latency of receptor cells ending
at the inner or in the outer membrane. Latency was shorter for cells at-
tached to the outer slit membrane (P = 0.007) and for responses to the
Wrst syllable as compared to the following ones (P < 0.001). a, b
Average synchronization coeYcient of response to opisthosomal
courtship vibrations with diVerent DCs. DiVerences between two cell
types (P = 0.53) or between syllables (P = 0.73) were not signiWcant.
(n = 5 legs each for the two types of sensory cells). Bars indicate stan-
dard deviation115
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correlated with: (1) soma size (Seyfarth and French 1994
for VS3; Fig. 2e for HS10; (2) relative soma position
(Höger and Seyfarth 2001 for VS3; Table 1 for HS10); (3)
length and position of the slits (Seyfarth and French 1994
for VS3 and Table 1 for HS10); (4) passive neuronal prop-
erties (Seyfarth and French 1994 for VS3; Gingl et al. 2006
for HS10) and (5) type of dendrite ending (Höger and
Seyfarth 2001 for VS3 and Table 1 for HS10). Unpublished
data from our group conWrm Wndings (1) to (5) for the tibial
lyriform organ HS8.
Therefore, as suggested by Torkkeli et al. (2001) for
VS3, it seems likely that intrinsic diVerences in the inacti-
vation properties of voltage-activated sodium currents are
responsible for the diVerences in response properties (sin-
gle- vs. multi-spike) found in all lyriform organs of C. salei
so far studied, and not, however, for diVerences in the cou-
pling of the dendrite tips to the slit as amply demonstrated
for HS10.
Responses to mechanical stimulation
Results obtained from three types of experiments show
diVerences in mechanical sensitivity for diVerent slits in
lyriform organs: (1) deformation and tension optical experi-
ments with models and Wnite element calculations (Barth
and Pickelmann 1975; Barth et al. 1984; Hößl et al. 2007,
2009), (2) extracellular recordings from diVerent slits in
HS8 (Barth and Bohnenberger 1978; Bohnenberger 1981)
and (3) diVerences in the degree of compression observed
between the longest and the shortest slits in HS10 in inter-
ferometric studies of live animals (Schaber et al. 2005).
Referring to the present study, we did expect additional
diVerences in threshold sensitivities and potentially also in
response type between sensory cells ending in the outer and
at the inner membrane of the slits in HS10, respectively.
The slight diVerences in threshold values observed at fre-
quencies higher than 100 Hz (see Fig. 3c) are, however, not
statistically signiWcant. As recently shown by McConney
et al. (2007), the high-pass properties of the spider vibration
receptor HS10 are largely explained by the viscoelastic
properties of the cuticular pad lying in front of it (bold
arrow in Fig. 1a). This pad seems to have an overriding
inXuence on the shape of the threshold curves of all the slits
making up the spider metatarsal vibration sensor.
In view of all the similarities between the two sensory
cell types, one has to ask for potential diVerences seen in
response to natural vibratory stimuli, such as courtship
vibrations. We manipulated PD, SRR and the DC (see
Fig. 4) of the male signal, which are known to be the most
inXuential parameters in behavioral experiments (keeping
the main frequency CF = 94 Hz, syllable duration
SD = 105 ms and less inXuential parameters such as the
maximal behavioral responses) (Schüch and Barth 1990).
Neither the frequency of the action potential response, nor
its latency or synchronization coeYcients diVered signiW-
cantly between both types of neurons (see Figs. 5a–c, 6a–
b), suggesting that they represent the microstructure of the
opisthosomal signal in a very similar way.
To summarize, the two morphological types of sensory
cells innervating each of the slits in HS10 do not represent
the two functional groups showing short and longer lasting
responses to electrical stimulation. Also, their sensitivity in
response to mechanical stimulation and the Wdelity in copy-
ing the structure of the opisthosomal courtship signals do
not diVer. Thus, from a functional point of view, the ques-
tion why the two sensory cells supplying the slits of spider
slit sensilla diVer with regard to the coupling of their den-
drite tips remains unanswered.
Notwithstanding the remaining gap in our understanding
of the mechanical consequences for stimulus transmission
of the two modes of dendrite coupling, the physiological
diVerences reported earlier (French et al. 2002), but not
related to the type of coupling, have been conWrmed by the
present study. Knowledge of these physiological diVer-
ences may eventually have to be complemented by that on
diVerences in the eVerent control of the sensory cells
(Fabian-Fine et al. 1999, 2000, 2002). Likewise there may
be diVerences in details of the central nervous projection
patterns of the primary sensory cells onto interneurons.
According to Anton and Barth (1993), the central nervous
projections of HS10 and other lyriform organs are orga-
nized somatotopically with the aVerent Wbers of HS10
arborizing in the respective leg ganglion and ending in a
sensory longitudinal tract (SLT 3) in the center of the sub-
esophageal nervous mass.
Regarding stimulus transmission, our new data particu-
larly seek a detailed examination of the mechanical pro-
cesses leading to the stimulation of the cell with its dendrite
ending at the inner membrane of the slit. This will not be an
easy task. In the end, the mechanical events leading to the
stimulation of the two morphological cell types may be
much more similar than expected.
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Explorations into space: nanomechanics of embedded spider 
strain detectors 
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Slit sense organs of arachnids are strain detectors embedded in the chitinous 
exoskeleton (review in Barth 2002). In lyriform organs the various patterns of slit 
arrangement strongly affect their mechanical behavior and consequently their response 
to various stimulus parameters. Scanning white light interferometry and microforce 
measurements were applied in order to quantitatively determine the relation between the 
stimulus force and the deformation of the organ’s slits (leading to a neural response) 
and of the cuticle surrounding it. With the techniques applied it was possible to obtain 
for the first time spatially highly resolved pictures of three dimensional deformations in 
vivo and under controlled load conditions. 
Two different organs were selected to study the mechanics of stimulation. (i) 
Lyriform organ HS-10 on the metatarsus is a highly sensitive vibration receptor and 
adequately stimulated by substrate vibrations which push the tarsus against the 
metatarsus. Quasinatural stimuli were applied by dorsad deflection of the tarsus. The 
threshold for organ compression indicated by the compression of the longest slit is 
reached when the tarsus is deflected by slightly more than 25° (relative to fully 
stretched position). The load at threshold is about 2 mN and rises with 240 µN/° at 
higher deflection values. From 40° to 45° onwards all the slits are fully compressed and 
the force increases more steeply with 3 mN/° to more than 40 mN. (ii) Lyriform organ 
HS-8 on the tibia is effectively stimulated by lateral deflection of the metatarsus which 
is linked to the tibia by a dorsally located hinge joint. The stimulation force rises 
linearly (approximately 1.1 mN/°; N=6, n=18) in the tested range from 0° to 10°. The 
threshold for compression of the two longest slits is below 0.26° and 300 µN. The dome 
on which the organ is located slightly flattens under the load, which enhances slit 
compression (adequate stimulation). 
119
 The linearity of the stimulus transformation in HS-8 underlines the organ’s 
proprioreceptive function. The curvature of the cuticle at the site of the organ leads to an 
amplification of strain. The exponential rise of the force with increasing stimulus 
amplitude makes HS-10 perfectly suited for coding a large range of vibrational 
amplitudes. The evident differences in the mechanical properties of stimulus transport 
and stimulus transformation in different lyriform organs point to the value of 
quantitative mechanical measurements at the micro scale and below. 
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Among arthropods spiders have the most elaborate system of strain detectors embedded 
in their exoskeleton. Their lyriform organs form arrays of up to 30 fine slits closely 
arranged in parallel in widely differing patterns and locations (Barth and Libera 1970). 
The mechanical consequences of the three-dimensional arrangement of the slits 
on stimulus transformation and thus response properties were studied in a highly 
sensitive vibration detector on the metatarsus (organ HS10) and a proprioreceptive 
organ (HS8) on the tibia of the spider leg using micro force measurements and white 
light interferometry. 
Our main findings are the following. 
(i) The force needed to adequately stimulate HS10 by tarsal deflections rises 
exponentially from ca. 240 μN/° at threshold to 3 mN/° at the natural upper limit. In 
HS8, however, force applied by lateral shift of the metatarsus rises linearly with 1 to 2 
mN/° (N=6) in the range from 0° to 10°. 
(ii) In HS10 the stimulus is transmitted from the tarsus to the slits through a soft and 
viscoelastic cuticular pad (Young´s Modulus about 1 MPa) located distally on the 
metatarsus and at least partly explaining the high-pass characteristics of the organ. In 
case of HS8 the stimulus slightly flattens the cuticular dome the organ is located on. 
Thus slit deformation is enhanced. Compression at the site of the sensory dendrite is in 
the range of 4.4 to 136 nm/mN in individual slits. 
The mechanical adaptation of HS10 to a large range of stimulus amplitudes by 
an exponential transformation of forces and the linear dependence of HS8 highlight the 
functional significance of the specific location of a lyriform organ on the leg and of the 
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Wandering spiders (Cupiennius salei) have wind-sensing hairs with extremely high 
sensitivity. We made direct point-load measurements of the nanomechanical properties 
of these ultra-sensitive wind sensing hairs on the legs of live wandering spiders using 
force spectroscopy based upon atomic force microscopy. All measurements were done 
on intact hairs cut to between 10-100 μm. These measurements lead to calculations of 
the maximum deflection angle, and the spring constant of the hair itself. Preliminary 
results show that the torsional constant of the hair-membrane structure is between 5×10-
12 and 3×10-11 Nm/rad. An estimation of the hair’s overall Young’s modulus and the 
threshold sensing energy is also discussed. 
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Arachnid slit sensilla monitor minute cuticular strains in the exoskeleton which are due 
to muscle activity, hemolymph pressure and substrate vibrations. Their highly refined 
micromechanical properties are modelled to establish a basis for the design of 
biomimetic force sensors. We report on finite element (FE) and interferometric (IF) 
analyses and on atomic force microscopy (AFM) of close parallel, lyriform slit arrays. 
FE analysis. Even minor morphological variations of slit arrangement affect slit 
interaction and thus stimulus transformation. The compressive slit face displacement D, 
which leads to nervous excitation, is mainly influenced by slit length l and load 
direction F whereas a slit's aspect ratio (20–100) is hardly relevant. At lateral distances 
between slits typical of lyriform organs (S = 0.03 l) their lateral shift considerably 
influences slit compression. 
White light IF, micro force measurements. Forces needed to stimulate the 
metatarsal lyriform vibration detector by deflecting the tarsus rise exponentially from 
ca. 240 μN/° at threshold to 3 mN/° at the upper natural limit. The equivalent relation is 
linear (1 to 2 mN/°) for a proprioceptive lyriform organ, stimulated by lateral 
displacement of the metatarsus. Thus the biologically most relevant difference regarding 
working range and amplitude resolution has a strong mechanical basis. Similarly, the 
physiological high pass characteristics of the vibration detector correlates with the 
visco-elasticity of a cuticular pad in front of the organ which transforms the stimulus on 
its way to the slits. Slit compression varies between 4.4 and 136 nm/mN depending on 
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Spiders make use of vibrations for prey detection, communication during courtship and 
other behaviors. Their most sensitive vibration receptor organ is the metatarsal organ. It 
is located in between a highly viscoelastic cuticular pad distally and stiff sclerotized 
cuticle proximally dorsally on the metatarsus at the joint with the tarsus (Barth 2002). 
The tarsus contacts the pad when the spider is active and effectively filters vibrations of 
the substrate on their way to the metatarsal organ. 
According to atomic force microscopy (AFM) and surface force spectroscopy 
(SFS) Young’s modulus of the pad material is close to 15 MPa at low frequencies of 
stimulation beyond ca. 30 Hz. It increases rapidly with increasing frequency and reaches 
ca. 70 MPa at the highest frequency tested (112 Hz). Being soft the pad absorbs more 
energy at low frequencies and its increasing stiffness at higher frequencies results in less 
energy absorption and more efficient stimulus transmission to the vibration sensor 
(McConney et al. 2007). For this reason the pad is responsible for the unusual high-pass 
characteristics exhibited by the sensory thresholds of the metatarsal organ, with low 
sensitivity for low frequency vibrations (threshold 10−100 µm at 0.1 to 30 Hz) and 
steeply increasing sensitivity at higher frequencies (threshold 0.001−0.01 µm at 600 Hz) 
(Barth and Geethabali 1982). The viscoelastic cuticular pad unburdens the sensory 
system by filtering out biologically irrelevant low-frequency vibratory noise before it 
even reaches the sensory cells. 
High viscoelasticity is typical for polymeric materials near their glass transition 
temperature. This is a temperature range, where by a drop of 20−30°C the stiffness of 
the material increases by a factor of 1000. Electrophysiological experiments support the 
125
 applicability of this concept to the cuticular pad. In experiments with spider legs cooled 
down from 32°C to 14°C the sensitivity rises up to tenfold indicating that the stiffness 
of the pad increases as predicted for a material near its glass transition temperature. 
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The spider Cupiennius carries about 1000 wind sensitive hairs (trichobothria) on its 
exoskeleton, each of them capable to sense mechanical energy smaller than that of a 
photon of green light by the deflection of its hair shaft (Barth 2002). The hair shaft is 
suspended in the exoskeleton by a highly elastic cuticular membrane. The outer part of 
the hair shaft is long (up to 1.6 mm) and protrudes into the air, whereas the inner part of 
the hair shaft below the membrane is short (up to 2 µm) and surrounded by lymph. The 
dendrites of four sensory cells are coupled to the inner hair shaft, which ends as a 
cuticular tube (length up to 4 µm). 
Forces in the range of 10-16 Nm to 10-15 Nm suffice to reach the sensory threshold of 
hair shaft deflections at 0.1−0.01 degrees. Because the hair shaft and the inner cuticular 
tube are stiff and do not bend during adequate stimulation, deflections of the hair tip are 
scaled down by a factor of 1/250 on their way to the sensory cells. Correspondingly, the 
forces deflecting the hair are amplified 250-fold. The displacements of the cuticular 
tube at the hair shaft's threshold deflection of 0.01° are within 7 to 10 Å only (N=5). 
These values are well within the range of the shifts (4–7 Å) calculated from the lengths 
of the lever arms (N=5) and likely represent the adequate stimulus opening 
mechanically sensitive ion channels in the dendritic cell membrane. 
The extreme sensitivity and the outstanding mechanical robustness of the spider 
trichobothria (billions of loading cycles during the lifetime of an adult spider) make 
them an attractive model for engineers developing and improving artificial hair-like 
medium-flow sensors. 
 
Supported by the DARPA BioSenSE project grant FA9550-05-1-0459 to FGB. 
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Wandering spider uses viscoelastic properties of cuticle 
 for mechanical signal filtering 
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 Wandering spiders (Cupiennius salei) utilize bio-polymeric materials near glass 
transition for mechanical signal filtering of vibration sensors. We used the AFM to 
probe the time dependent mechanical behavior of these materials and measured 
Young’s modulus of a rubber-like pad-shaped material situated in between the stimulus 
source and the vibration sensors. Previous electrophysiological measurements showed a 
dramatic rise in the vibration amplitude needed to elicit an electrophysiological 
response below 10 Hz stimulation frequency. Our AFM elastic modulus measurements 
showed a similar decrease in stiffness as the frequency dropped to around 10 Hz, due to 
viscoelastic effects. The pad is acting as a high-pass filter for the vibration sensors. 
 According to point-load measurements on wind-sensing hair receptors of spiders 
the torsional stiffness of the hair suspension dropped off as the probing frequency was 
below 20 Hz. Like in the pad system previous electrophysiological measurements 
showed very low sensitivity to low stimulus frequencies, which may be partly due to the 
viscoelastic properties of the biopolymer. 
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Micromechanics of spider mechanoreceptors 
 
Clemens F. Schaber, Friedrich G. Barth 
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Althanstr. 14, A-1090 Vienna, Austria; clemens.schaber@univie.ac.at 
 
Spiders are equipped with exquisite mechanoreceptors like vibration and air-flow 
detectors, which enable them to orient towards prey and mates. We report on 
micromechanical processes underlying stimulus transformation in these two types of 
sensors. 
  
(i) The main vibration receptors of spiders are the metatarsal organs. In Cupiennius 
salei they consist of 21 innervated slits each about 2 µm wide and up to 150 µm long 
(1). The organ is stimulated by compression when the most distal leg segment (tarsus) 
pushes against the metatarsus due to its deflection by substrate vibrations. The force to 
deflect the tarsus above threshold amounts to 240 µN/deg. According to white light 
interferometric studies slit compression amounts to 20 to 100 nm/deg, strongly 
depending on the location of the slit within the array. At the behaviorally relevant 
threshold deflection of the tarsus by 0.05 deg at 400 Hz, slit compressions by 0.5 nm 
and forces of 12 µN generate a nervous response. 
 (ii) Spider air-flow sensors are hair-like sensilla (trichobothria) on the legs and 
pedipalps. Due to their minute mass and low stiffness of their suspension (about 10-12 
Nm/rad), (2)) trichobothria are deflected by the slightest air movements. A 
trichobothrium forms a lever with an outer hair shaft (up to 1.6 mm long) protruding 
into the air and an inner hair shaft (0.5-1.8 µm) below the center of rotation to which 
four sensory cells attach. The length ratio of the two lever arms is about 900:1. Forces 
deflecting the hair tip are amplified 900-fold on their way to the sensory cells, whereas 
the deflection is scaled down by the same amount. Hair deflection by 0.01 deg 
(physiological threshold; (3)) displaces the sensory dendrites by 0.4 to 1 nm. 
  
The displacements at the sensory cells are in the same range in both mechanoreceptor 
types, and close to the values estimated for cricket filiform hairs (0.1 nm; (4)), 
Drosophila bristles (2 nm; (5)), fish neuromasts (2.5 nm; (6)), and vertebrate hair cells 
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 (< 1 nm; (7)). In all cases they are thought to increase the conductivity of 
mechanosensitive ion channels and to thereby elicit a nervous response. 
 Frequency tuning is achieved in different ways. Whereas in the vibration sensor 
the viscoelastic properties of specialized cuticle substantially contribute to its high-pass 
characteristics (8), it is the boundary layer thickness (low frequency end) and the hair’s 
inertia (high frequency end), which largely determine the mechanical band-pass 
properties of a trichobothrium. 
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As recently found, in mechano-sensors of wandering spiders (Cupiennius salei) 
viscoelastic materials are important in signal filtering. We used atomic force 
microscopy to probe the time dependent mechanical behavior of these materials in live 
animals. We measured Young's modulus of a rubbery material located between a 
vibration receptor and the stimulus source. Earlier electrophysiological studies had 
demonstrated that the strain needed to elicit a sensory response (action potential) 
increased drastically as stimulus frequencies went below 10 Hz. Our surface force 
spectroscopy data similarly indicated a significant decrease in stiffness of the cuticular 
material and therefore less efficient energy transmission due to viscoelastic effects, as 
the frequency dropped to around 10 Hz. The stimulus transmitting cuticular material is 
acting as a high-pass filter for the mechanical stimulus on its way to the strain receptors. 
Again our results indicate that viscoelastic mechanical signal filtering is an important 
tool for arthropods to specifically respond to biologically relevant stimulus patterns. 
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Vibrations in 3-dimensional spider webs: what characterises 
prey? 
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Web-building spiders rely on vibrations generated in their webs as a source of vital 
information. Prey, predators and conspecifics can be characterised by the vibrations 
they generate in the web. As a result, how a vibration propagates through a spider’s web 
has important implications for how a spider will interpret and respond to the vibration 
source. While vibration propagation has been characterised in the 2-dimensional orb-
webs of several spider species, the 3-dimensional webs of other spiders remain poorly 
understood. Here, we present the findings of a preliminary study examining propagation 
of vibrations through the tangle web of Achaearanea tepidariorum. Higher frequencies 
are attenuated more than lower frequencies, with resonance in the web affecting 
frequencies above 100 Hz. These results will be important for defining the 
characteristics used by spiders to classify sources of vibration, particularly the 
characteristics of vibrations generated by prey. 
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Arachnid mechanoreception: I. Micromechanics of spider air 
flow sensors 
 
Clemens F. Schaber, Friedrich G. Barth 
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Apart from using their substrate vibration sense, spiders orient towards prey and avoid 
predators by detecting air flows with extreme sensitivity. Torques of 10-15 Nm suffice to 
deflect their hair-like air flow sensors above firing threshold (0.1°–0.01° (1)). 
 The outstanding sensitivity of the trichobothria is to a considerable degree based 
on their mechanical properties: tiny mass, elaborate lever system (scaling up stimulus 
force by a factor of 245 ± 36 (N=5)), mechanical tuning related to boundary layer 
thickness, and a delicate suspension of the sensory hair. 
 To examine the dynamics of their suspension trichobothria were deflected at 
angular velocities from 0.0004 to 0.26 rad s-1 using the cantilever in an atomic force 
microscope. Surprisingly, the torque needed to deflect the hair shaft dropped 
significantly at deflection velocities below 0.05 rad s-1 indicating a strong viscoelasticity 
of the hair suspension. A three-parameter viscoelastic standard solid model derived 
from the experimental data yielded two spring parameters S1=2.9×10-11 Nm rad-1 and 
S2=2.8×10-11 Nm rad-1, and a damping parameter R=1.5×10-12 Nm s rad-1 (2). 
 The viscoelasticity of the trichobothrium´s suspension facilitates the start of hair 
motion and therefore the detection of the rapid changes characteristic of biologically 
relevant air flow signals. It thus works to promote the electrophysiologically measured 
highly phasic response character of the sensory cells. 
 
Supported by the program BioSenSE of DARPA to FGB. 
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Micromechanics of spider mechanoreceptors: viscoelastic 
properties of cuticle for the tuning of vibration and air flow 
sensors 
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Spiders use vibrations and air flows to court, localize prey, and to avoid predators. The 
vibration sensitive metatarsal lyriform organ and the air flow sensitive hair-like 
trichobothria show outstanding sensibility. The physiological threshold of single slits of 
the metatarsal organ has a pronounced high-pass characteristic with low sensitivity up 
to about 30 Hz and rapidly decreasing thresholds down to 4.5 nm tarsal deflection at 1 
kHz (1). Torques of 10-15 Nm suffice to deflect trichobothria by threshold angles 
between 0.1-0.01° (2). 
 
To characterize the effect of material properties of cuticular structures on stimulus 
transmission to the sensory cells and the cells´ dynamic behavior atomic force 
microscopy (AFM) and surface force spectroscopy were applied. A soft cuticular pad 
located on the way of the vibrations from the substrate to the metatarsal vibration sensor 
was analyzed with probing frequencies between 0.1 and 112 Hz (3). The mechanical 
properties of the suspension of trichobothria were examined by deflecting the hair shaft 
using the AFM cantilever at angular velocities from 0.0004-0.26 rad s-1 (4). 
 
Whereas the Young´s modulus of the pad material is close to 15 MPa at frequencies 
below 30 Hz, it increases rapidly with increasing frequencies reaching 70 MPa at 112 
Hz. The pad´s viscoelasticity nicely explains the high-pass characteristics measured 
earlier electrophysiologically. Further electrophysiological experiments performed on 
the organ at different temperatures show a tenfold increase of sensitivity by cooling it 
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 down from 32° C to 14° C, which supports the earlier assumption that the material´s 
rubber-glass transition temperature is close to 25° C (3). 
 
The torque needed to deflect the trichobothrium drops significantly at deflection 
velocities smaller than 0.05 rad s-1. The measured data can be fitted with a three-
parameter viscoelastic standard solid model yielding two spring parameters S1=2.9×10-
11 Nm rad-1, S2=2.8×10-11 Nm rad-1 and a damping parameter of R=1.5×10-12 Nm s rad-1 
for the hair suspension (4). 
 
The mechanical high-pass filtering by the pad unburdens the spider from processing 
information about biologically irrelevant low-frequency noise (typically below 30 Hz). 
Similarly, the viscoelastic properties of the trichobothrium´s suspension facilitate the 
start of hair motion and therefore the detection of rapid changes in air flows 
characteristic of biologically relevant air flow signals. 
 
Supported by the program BioSenSE of DARPA to FGB. 
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Biologically applied physics in sensory organs: spider 
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The importance of sensory information for the guidance of animal behavior is reflected 
by a fascinating wealth of sensory organs. These exhibit an enormous variety which is a 
consequence of the different evolutionary potentials and needs of individual species. All 
these sensory organs and their corresponding neuronal pathways have to be tuned to the 
reception and perception of the biologically relevant spatio-temporal stimulus patterns 
as they occur in the respective habitat of a species. It is the invertebrate animals in 
particular, where one finds the most exotic sense organs and outstanding sensory 
capacities. Quite a few of these capacities are alien to us humans. 
 
The variation among sense organs serving the detection and analysis of stimuli 
belonging to the same modality (form of stimulus energy) is not much due to 
differences at the level of the sensory cells themselves, but to differences in the 
morphology and functional properties of the non-nervous structures responsible for the 
uptake of the stimulus and its transformation on its way to the sensory cell. Here we 
have a most impressive evolutionary playground and inventiveness for biologically 
applied physics. 
 
The purpose of the lecture is to illustrate this aspect using two examples taken from our 
own research on spider mechanoreceptors [1] [2]. Both examples will make it clear that 
none of the sense organs can be adequately understood unless we are aware of its 




 (i) The first example will address the Bauplan of mechanosensory hairs, the most 
common of all biological sensors. It will contrast a tactile hair [3] and an airflow sensor 
[4] [5], showing how one can be converted into the other by attending to a few physical 
parameters only. Obviously, the properties of the materials involved and their 
adjustment to the particular measurement task are of prime importance. Whereas in case 
of the tactile hair a most relevant “design question” is how to combine sufficient 
mechanical sensitivity with the necessary mechanical robustness, it is the outstandingly 
high mechanical sensitivity in case of the flow sensors which attracts attention. 
 
(ii) The second example refers to slit sensilla, a type of sensor which in a way is the 
opposite of a hair [1]. Whereas the mechanosensitive hair sensillum can be classified as 
a movement detector (responding to the deflection of the hair shaft), slit sensilla are 
strain detectors embedded in the cuticular exoskeleton and responding to the slightest 
deformation due to loads caused by muscular activity, gravity, substrate vibrations, etc.. 
Among the several thousand slit sensilla monitoring strain in a spider exoskeleton the 
vibration detector located distally on the walking legs will receive particular attention. 
Again, material properties are highly relevant in determining functional properties. 
Recently, a small cuticular pad in front of the organ, a special stimulus transforming 
structure, has turned out to be the main cause of the organ’s high pass characteristics. 
Due to the pad’s viscoelastic properties energy loss of stimulus transmission is much 
reduced at high frequencies as compared to low frequency stimulation. The result is a 
biologically highly relevant selectivity of the organ for frequencies higher than about 10 
Hz [2] [6]. 
 
It is the area of stimulus transformation in particular where engineers can hope for bio-
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